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ABSTRACT 

 

 The taphonomy of vertebrate skeletal remains in the marine realm is poorly 

understood, and the majority of previous studies have focused on single skeletons, 

lagerstatten, or bonebed genesis. Very few studies have attempted to document 

environmental gradients in preservation, and as such it has been difficult to establish a 

concrete taphonomic model for vertebrates in the shallow marine realm. The Neogene 

Purisima Formation of central California, a richly fossiliferous unit representing 

depositional settings from nearshore to offshore, offers a unique opportunity to examine 

preservational trends across these settings. Lithofacies analysis was conducted in order to 

place the vertebrate fossils within a proper sedimentologic and depositional 

environmental context. This study examined over 600 vertebrate fossils of 

elasmobranchs, osteichthyes, aves, pinnipeds, odontocetes, mysticetes, sirenians, and 

land mammals, and taphonomic data regarding abrasion, fragmentation, phosphatization, 

articulation, polish, and biogenic bone modification were recorded. These data were then 

used to compare both preservation of these multiple taxa within a single lithofacies and 

preservation of one taxon across lithofacies in order to document environmental gradients 

in preservation. Many of these taphonomic processes resulted in differential preservation 

between taxa, indicating strong preservational bias within the Purisima Formation. 

Varying levels of abrasion, fragmentation, phosphatization, and articulation were found 

to be strongly correlated with physical processes of sediment transport and sedimentation 

rate. These varying characteristics were used to delineate four taphofacies, which 

corresponded to inner, middle, and outer shelf settings, and bonebeds which cut across all 

taphofacies. Application of sequence stratigraphic methods shows a strong similarity 

between the taphofacies model and the sequence stratigraphic model. Bonebeds mark 

major discontinuities (sequence boundary, transgressive surface of erosion, marine 

flooding surfaces), while the packages of rock between these discontinuities consistently 

exhibit onshore-offshore changes in taphofacies, closely corresponding to onshore-

offshore changes in lithofacies and inferred depositional setting. The strong physical 

control on marine vertebrate preservation and preservational bias within the Purisima 

Formation has implications for paleoecologic and paleobiologic studies of marine 

vertebrates.  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 The shallow marine invertebrate fossil record has been the subject of countless 

studies which have helped broaden the field of taphonomy from focusing on the negative 

aspects of preservation, called taphonomic loss, to taphonomic gain and the contribution 

of taphonomic data towards understanding depositional and biogenic processes. These 

studies have focused on the formation of skeletal concentrations (Kidwell, 1985), the 

effect of subsidence rate on skeletal accumulations (Kidwell, 1993), the relationship 

between sequence stratigraphy and preservation (Brett, 1995), and development of new 

taphonomic methods regarding the collection of data in the field (Kidwell et al., 1986; 

Kidwell & Holland, 1991), comparative taphonomy (Brett and Baird, 1986) and 

recognition of taphonomic facies (Speyer and Brett, 1986, 1988). Invertebrates are widely 

abundant in the fossil record, and the shallow marine record comprises much of the 

known sedimentary record. In this context it makes sense that the shallow marine 

invertebrate subset of the fossil record has received so much attention. 

 The record of marine vertebrates, on the other hand, has received comparatively 

little study. The taphonomic processes that affect terrestrial vertebrates are easy to study 

and understand, because these processes, by and large, are readily observable in our 

habitat at the earth's surface. Likewise, the abundance of marine invertebrates and the 

marine strata that yield them make them easy to study from a historical context. 

However, the taphonomy of marine vertebrates is poorly understood because of the 
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relative rarity of marine vertebrate fossils (compared with invertebrates) and the 

difficulty of conducting actualistic experiments in the marine environment. Much 

paleontologic research has focused on interpreting the genesis of bonebeds (see Rogers 

and Kidwell, 2008), lagerstatten, and the taphonomy of individual skeletons. Only a few 

paleontologic studies have compared the trends in vertebrate preservation along 

environmental gradients (Martill, 1985; Soares, 2003). In addition, a number of 

actualistic studies have been conducted in order to assess problems of decomposition, 

disarticulation, sorting, abrasion, scavenging, and bloating in marine vertebrates (Schafer, 

1972; Meyer, 1991; Long and Langer, 1995; Davis and Briggs, 1998; Stojanowski, 2002; 

Liebig et al., 2003, 2007; Irmis and Elliott, 2006; Laudet and Antoine, 2006). Additional 

studies that have contributed much to our understanding of marine taphonomy have been 

conducted in the field of forensics; however, these studies are rarely cited in 

paleontologic articles. These studies have focused on decomposition, disarticulation, 

bloating, hydraulic sorting, bone modification, and marine scavenging, using experiments 

with pigs or forensic case data (Spennemann, 1992; Haglund, 1993; Ebbesmeyer and 

Haglund, 1994; Sorg et al., 1997; Anderson and Hobischak, 2004). All of these studies 

were conducted along shorelines, at the ocean surface, or in laboratory. At the other end 

of the spectrum, studies regarding whale-falls have generated useful taphonomic data 

(scavenging rates, encrustation, bioerosion) for large cetaceans in outer shelf, bathyal, 

and abyssal environments (Allison et al., 1991; Jones et al., 1998; Dahlgren et al., 2006; 

Lundsten et al., 2010). However, very few of these studies have been conducted at water 

depths characteristic of the continental shelf (Smith, 2006), and it is unclear how 

applicable the majority of whale-fall data are to shelf environments. There are virtually  
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FIGURE 1. Geology and stratigraphy of the Purisima Formation. A) General geologic 

map of Purisima Formation exposures. B) Generalized stratigraphy of the Purisima 

Formation in the Santa Cruz section, with sections 1-3 labeled. C) Map of the Santa Cruz 

region showing the position of the three sections recorded during this study.  Modified 

from Boessenecker (2011) and Boessenecker and Perry (2011). 

 

 

no actualistic data for all the environments between the shoreline and the deep sea. A 

well-formulated taphofacies model for shallow marine vertebrate assemblages is 
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currently lacking, and there is no actualistic or historical framework in which to place 

marine vertebrate fossil assemblages that provides a broader context.  

 California (Figure 1) is richly fossiliferous and was deposited in a number of 

depositional environments ranging from nearshore and estuarine settings to outer shelf 

and upper slope settings (Norris, 1986; Powell et al., 2007). The preservation of fossil 

vertebrates from different inferred depositional environments allows examination of 

onshore-offshore gradients in fossil preservation. This study attempts to 1) document 

onshore-offshore trends in preservation, 2) determine what sedimentologic or biogenic 

processes control patterns of marine taphonomy, and 3) present a taphonomic framework 

for marine vertebrate taphonomy on siliciclastic shelves. This study also 4) presents and 

analyzes several types of taphonomic data recorded for a large sample set of fossil 

vertebrates from the Purisima Formation. Comparative taphonomy (Brett and Baird, 

1986) is utilized to compare the preservation of different marine vertebrate taxa within an 

assemblage to assess problems of bias and differential preservation, and also to compare 

preservation of fossil taxa across inferred depositional settings. Taphofacies analysis 

(Speyer and Brett, 1986) is utilized to map preservational facies and their lateral 

relationships (across space), and also their vertical relationships (through time). For 

depositional settings not preserved within the Purisima Formation, actualistic data and 

previously published studies are used to supplement the taphonomic data presented 

herein and produce a robust taphofacies model for marine vertebrates. 
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CHAPTER 2 

 

 

METHODS 

 

 

 To study gradients of preservation within the Purisima Formation, a stratigraphic 

framework must be established which can then be 'populated' with taphonomic data. A 

combination of sedimentologic, stratigraphic, and taphonomic methods were utilized and 

are summarized as follows. The upper portion of the Santa Cruz section was not studied 

in detail due to lack of quality exposures and the rarity of vertebrate remains. Certain 

parts of the section are documented in less detail than others, primarily due to difficulty 

of exposure access; all exposures in the field area are vertical coastal cliffs, and some 

localities are only accessible at a few extreme low tides each year. Other parts of the field 

area are permanently inaccessible (sheer cliffs with deep water, as opposed to a beach); 

however, most of these areas have not historically yielded vertebrate fossils and therefore 

only stratigraphic data were collected. 

 

Sedimentology and Stratigraphy 

 

 

 In order to place the vertebrate fossil assemblages of the Purisima Formation into 

proper stratigraphic and sedimentologic context, a number of methods were employed. 

Three sections representing the majority of the lower and middle portions of the Santa 

Cruz section (sensu Powell et al., 2007) of the Purisima Formation were measured 

(Figure 1B-C). These sections do not overlap, but are only part of the lower Santa Cruz 

section of the Purisima Formation (Figure 1B); a continuous section was not possible due 
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to dangerous outcrop conditions. Data regarding bed thickness, lithology, sedimentary 

structures, bedding contacts, and ichnology were collected for each bed. Facies maps 

were recorded in the field, in areas of complex bedding; these were drawn over 

photographs of vertical cliff exposures in order to show vertical and lateral relationships 

of bedding contacts, lithofacies, and sedimentary structures. This was not always possible 

due to seasonal algae growth and dust cover on the exposures. These data were then 

utilized in a lithofacies analysis, and the interpreted depositional setting of each 

lithofacies is presented below. The interpretations are based on the of hydrodynamic 

interpretations of the sediment transport processes that control the sedimentary structures 

described herein. Commonly co-occurring lithofacies are grouped into facies 

associations, and the interpreted depositional environment of each are discussed below. 

In addition, a summary of the stratigraphy and depositional history is presented, along 

with a sequence stratigraphic interpretation of the Santa Cruz Section of the Purisima 

Formation (see Depositional History).  

 

Taphonomy 

 

 In order to study the taphonomy of each assemblage, the methods outlined by 

Kidwell et al. (1986) and Kidwell and Holland (1991) for the characterization of bioclast 

concentration geometry and architecture were applied to all bioclastic (invertebrate or 

vertebrate rich) units. Detailed field descriptions of the lithology (including clast counts) 

and sedimentary architecture were recorded for bonebeds, and a large sample of 

specimens were collected from these bonebeds. Bonebeds were examined along strike to  
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TABLE 1. Sample size of specimens from each taxon studied from different lithofacies. 

Abbreviations: HCS, Hummocky Cross-Stratified Sandstone Lithofacies; LD, Laminated 

Diatomite Lithofacies; MM, Massive Mudrock Lithofacies; MPM, Massive Pebbly 

Mudrock Lithofacies; MPS, Massive Pebbly Sandstone Lithofacies; MS, Massive 

Sandstone Lithofacies. 

 

 

determine their lateral extent and any lateral changes in character. Taphonomic data (see 

below) were collected for a large sample (Table 1) of vertebrate fossils collected by the 

author from 2004-2010 and used for comparative taphonomic analysis due to their known 

stratigraphic position within the Purisima Formation. Data including taxon 

(Chondrichthyes, Osteichthyes, Aves, Pinnipedia, Odontoceti, Mysticeti, Sirenia), 

abrasion, fragmentation, articulation,  phosphatization, and associated lithofacies were 

collected for each specimen. To supplement these taphonomic data, fossils from museum 

collections (i.e. not collected by the author during this study) at the Santa Cruz Museum 

of Natural History (SCMNH) and the University of California Museum of Paleontology 

(UCMP) of known stratigraphic provenance (to a distinct bonebed, or distinct 

stratigraphic position assigned to one of the included lithofacies, based on collector's field 

notes) were also recorded for the same types of taphonomic data outlined here. The 

sample includes 469 specimens collected by the author during this study, 188 specimens  

Taxon HCS LD MM MPM MPS MS Total 

Aves 3 2 5 1 142 14 166 

Chondrichthyes 1 1 2 9 138 9 160 

Indet. Mammal 0 0 0 2 55 4 61 

Land Mammal 0 0 0 0 1 0 1 

Mysticeti 4 0 13 7 73 12 109 

Odontoceti 11 2 23 9 249 32 326 

Osteichthyes 7 0 2 3 93 5 110 

Pinnipedia 2 1 4 24 52 8 92 

Sirenia 0 0 0 1 7 0 8 

Total 28 6 45 60 810 84 1033 
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FIGURE 2. Abrasion stages used for this study, with a dolphin vertebra as an example. 

Stage 0= unabraded, Stage 1= lightly abraded, and Stage 2= heavily abraded. Light gray 

indicates abraded surfaces. 

 

from SCMNH, 295 specimens from UCMP, and an additional 79 uncurated specimens  

which will soon be included within UCMP and SCMNH collections The complete 

sample includes 1033 specimens (Table 1). Vertebrate fossils were identified to each 

taxonomic group based on comparisons with previously published Neogene marine 

vertebrates and photographs of modern osteological specimens. Vertebrate taxa studied 

include Chondrichthyes (sharks and rays), Osteichthyes (bony fish), Aves (birds), 

Pinnipedia (seals, sea lions, and walruses), Mysticeti (baleen whales), Odontoceti 

(dolphins and other toothed whales), Sirenia (sea cows), and land mammals (Table 1). 

Many mammal bone fragments that could not be confidently identified to any of the 

aforementioned groups were identified as indeterminate mammals. 

 Due to its simplicity, the abrasion scale designed by Fiorillo (1988) was utilized 

(Figure 2). The modified scale utilized here includes three stages: unabraded (Stage 0), 

lightly abraded (Stage 1), heavily abraded (Stage 2). Fiorillo (1988) included bone 

pebbles as a Stage 3, but given the possibility that bone fragments may be abraded into  
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FIGURE 3. Articulation scale used for this study. 

 

 

bone pebbles after accruing the equivalent of Stage 2 abrasion (as opposed to a complete 

bone being abraded into a bone pebble), only Stages 0-2 were utilized herein. Although 

elaborate fragmentation scales have previously been published, only presence/absence of  

fragmentation was documented for this study. Articulation and element association was 

coded on a simple scale (Figure 3): 1= articulated (Figure 3A); 2= disarticulated skeleton 

(Figure 3B); 3= cluster of a few associated or articulated elements (Figure 3C); 4= 

isolated element (Figure 3D). Additionally, rare cases of bone modifications such as bite 

marks and invertebrate bioerosion were noted for individual specimens. Although 

commonly used in terrestrial taphonomic studies, Behrensmeyer’s (1978) bone 

weathering scale was not employed due to the ambiguously established occurrence of 

analogous weathering in marine vertebrate fossils (Allison et al., 1991). Subaqueous 

weathering of vertebrate skeletal elements obviously does occur and is recognizable by 

series of elongate cracks in bone surfaces (L. Vietti, pers. comm. 2010); however, the 

cracks strongly differ in their expression when compared to terrestrial bones, and it is 

unclear if it arises from analogous processes. Although marine weathering of bone 

requires further study, due to the relative rarity of surface cracking within this sample 

(n=24; 2.3%) and the unclear significance of weathering (or if these cases of surface 

cracking is even related to weathering processes), Behrensmeyer's (1978) weathering  
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FIGURE 4. Examples of polished and unpolished marine mammal bones (partial atlases 

of an odontocete). A) polished specimen. B) unpolished specimen. Note the shiny luster 

of the bone surface in the polished specimen relative to the dull surface of the unpolished 

specimen. 

 

scale was not included in the selection of data types recorded in this study. When present, 

surface cracking was noted. Lastly, polish (light abrasion of element surface resulting in 

shiny, reflective and often smooth surface) was simply recorded as present or absent 

(Figure 4). These data were then incorporated into multiple spreadsheets that facilitated 

taphonomic comparisons between taxa and lithofacies. 

 

New Taphonomic Methods 

 

 A qualitative scale to assess phosphatization  of skeletal elements was devised for 

this study, in addition to a new descriptive scheme for bonebeds. Phosphatization is an 

early diagenetic process that affects vertebrate and invertebrate skeletal elements within a  
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FIGURE 5. Phosphatization stages used in this study. Increasing phosphatic 

permineralization is downward, while phosphatic nodule growth increases to the right, 

with a dolphin vertebra as an example. 

 

few meters below the sediment water interface during times of phosphogenesis (Allison, 

1988; Follmi, 1996; Tapanila et al., 2008). Vertebrate skeletal elements may be 

phosphatically permineralized, and may also exhibit adhering phosphatic matrix (usually 

equivalent to mudrock in terms of grain size) or nodules, which in most cases exhibits a 
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differing grain size from the surrounding sediment (Allison, 1988). The early diagenetic 

permineralization of skeletal tissues and addition of phosphatized nodules indicates 

phosphatization represents a mode of prefossilization (Reif, 1976). Prefossilization is 

here defined as early diagenetic permineralization of a bioclast prior to final burial; thus, 

the occurrence of prefossilized material within bioclastic concentrations implies that the 

prefossilized material was exhumed from a temporary deposit (where it underwent early 

diagenesis). The phosphatization scale incorporated two qualitative measures: 1) extent 

of bone permineralization, and 2) occurrence and relative size of adhering phosphatic 

matrix or nodules. Many bones and teeth in the Purisima exhibit varying degrees of 

phosphate mineral replacement, often occurring as heavy, blackened elements (relative to 

normal preservation; most unphoshatized vertebrate skeletal elements in the Purisima 

Formation are lighter shades of gray and brown). A simple scale was devised to reflect 

this (Figure 5): no phosphate replacement (Stage 0), small patches or incomplete 

phosphate replacement (Stage 1), and complete phosphate replacement (Stage 2). Many 

of these elements also exhibit adhering phosphatic nodules, so another scale was 

superimposed on the replacement scale to indicate the following: no adhering phosphatic 

matrix (Stage XA), limited adhering phosphatic nodule (Stage XB), and adhering 

phosphatic nodule that covers more than one-third of the surface area of the element 

(Stage XC). This results in the following possible combinations: Stage 0A, 0B, 0C, 1A, 

1B, 1C, 2A, 2B, and 2C. For example, a completely unphosphatized element represents 

Stage 0A, while 2C represents a blackened element embedded within a phosphatic 

nodule, and all of the other possible stages represent intermediate conditions (Figure 5). 
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FIGURE 6. Architectural classification of bonebeds used in this study. Solid pebbles are 

phosphatic clasts, while white pebbles are terrigenous clasts. Bivalve shells (concave 

shaped valves) and vertebrate bones are shown as well. Ophiomorpha infilled with 

bonebed debris occur within the A-interval.  

 

During this project several consistently recurring patterns of bonebed geometry became 

apparent. All bonebeds exhibit simple division into three intervals (Figure 6): 1) a lower 

interval occasionally characterized by an increase in bioclast density, 2) a middle interval 

where bioclast density is persistently highest,  and 3) an upper interval marked by a 

decrease in bioclast density. For convenience, these intervals are assigned upper case 

Greek letters for alpha, beta, and gamma (Figure 6) and termed the A-interval (lowest), 

B-interval (middle), and Γ-interval (uppermost). This scheme specifically uses Greek 

rather than Latin alphabet characters so as not to be confused with soil horizon 

descriptive schema; this descriptive scheme may be modified and applied towards 

terrestrial bonebeds, which occasionally coincide with paleosols. Recognition of 

consistent patterns of bonebed formation facilitates their description and interpretation. 

For example, often there may be a sharp erosional surface at the base of the B-interval; 
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the B-interval may also be characterized by additional erosional surfaces. The A-interval 

may be barren, or may only have bonebed debris (bonebed bioclastic and clastic material) 

concentrated within vertical trace fossils and burrows (e.g. Ophiomorpha). The different 

intervals are often characterized by subtle changes in grain and bioclast size, density, and 

changes in bioclast mineralogy. 



 15 

 

CHAPTER 3 

 

 

GEOLOGIC BACKGROUND 

 

 

General Geology 

 

 The Purisima Formation was named by Haehl and Arnold (1904) for fossiliferous 

marine sedimentary rocks in sea cliffs at the mouth of Purisima Creek in San Mateo  

County, California. The Purisima Formation is 6.9-2.47 Ma (Madrid et al., 1986; Powell 

et al., 2007), crops out near San Francisco and Santa Cruz, California (Cummings et al., 

1962; Clark, 1981; Figure 1), and is composed of fossiliferous marine conglomerate, 

sandstone, siltstone, and mudstone. Wrench tectonics associated with strike-slip faulting 

in central California likely controlled basin subsidence (Powell et al., 2007). There are 

four major exposures of the Purisima Formation (Figure 1A), all west of the San Andreas 

fault: 1) Point Reyes, Marin County, CA, formerly the “Drakes Bay Formation” of 

Galloway (1977); 2) Pillar Point, San Mateo County, CA (Glen, 1959); 3) Halfmoon Bay, 

San Mateo County, CA (Cummings et. al.1962); and 4) Santa Cruz, Santa Cruz County, 

CA (Powell et al., 2007). Although the Purisima Formation crops out in some stream 

gullies in the Santa Cruz Mountains (Cummings et al., 1962) and in some man-made 

exposures, the majority of outcrops are in linear coastal cliffs, including those mentioned 

above. Because of local faulting and folding, some exposures of the Purisima Formation 

have been mapped but have yet to have detailed measured sections recorded. Larger scale 

faulting, offset along the San Gregorio fault in particular, has caused problems with 
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correlations between different exposures and across faults (Powell, 1998). Vertebrate 

fossils (baleen whales, porpoises, beluga, walruses, fur seals, sea cows, marine birds, fish, 

sharks, and rays) occur in most of these environments (Barnes, 1976; Repenning and 

Tedford, 1977; Domning, 1978; Barnes, 1985; Boessenecker, 2006; Boessenecker and 

Geisler, 2008; Boessenecker et al., 2009; Boessenecker and Perry, 2011; Whitmore and 

Barnes, 2008; Boessenecker 2011; Boessenecker and Smith, 2011). Fossil invertebrates 

and microinvertebrates are abundant in most exposures of the Purisima Formation (Glen, 

1959; Dumont et. al., 1986; Powell, 1998) and include gastropods, bivalves, brachiopods, 

barnacles, decapods, echinoids, and asteroids (Powell, 1998). 

 

Stratigraphy 

 

 

 The Santa Cruz section of the Purisima Formation was designated as a 

supplementary reference section by Powell et al. (2007) because it is better studied than 

any other section of the Purisima Formation. The type section, exposed in the cliffs near 

the mouth of Purisima Creek near Halfmoon Bay, is no longer accessible by foot (pers. 

obs.). Other sections (Point Reyes, San Gregorio, Seal Cove, and Año Nuevo sections) 

have only received cursory study, and the age of some of these sections remains uncertain 

(Powell, 1998; Powell et al., 2007). The Santa Cruz section is 325 m thick, exposed for 

19 km of shoreline along the northern margin of Monterey Bay (Figure 1A, C). Overall, 

this section represents a shoaling-upwards pattern with diatomite and mudrocks in the 

lower, bioturbated sandstones dominating the middle, and cross-stratified sandstone and 

coquina in the upper portion (Norris, 1986; Powell, 2007; Figure 1B, Figure 7). These  
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FIGURE 7. Sections 1, 2, and 3 from the Santa Cruz section of the Purisima Formation 

recorded during this study. A- Section 1; B- Section 2; C- Section 3. Grain size 

abbreviations: cl – clay; si – silt; vf – very fine sand; f – fine sand; m – medium sand; c – 

coarse sand; vc – very coarse sand; g – granules; p – pebbles; co – cobbles. 

Environmental abbreviations: o – offshore; t – transition zone; s – shoreface. Numbered 

bonebeds recorded in this study are labeled; unnumbered bonebeds are unstudied 

bonebeds. Vertical scale in meters. 
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deposits represent estuarine, foreshore, and inner to outer shelf deposition (Norris, 1986; 

Powell et al., 2007). Nine well-developed bonebeds occur within the lower and middle 

parts of the Santa Cruz section, but only six were studied (see BONEBEDS) (Figure 7). 

 

Age 

 

 

 The age of the Santa Cruz section is well constrained, based on a number of 

different methods. This section ranges from latest Miocene at the base, to middle-late 

Pliocene at the top (Powell et al., 2007; Figure 1B); the other sections of the Purisima 

Formation are approximately this age as well. The basal glauconitic sandstone yielded a 

K/Ar date of 6.9 ±0.5 Ma (Madrid et al., 1986). The diatom-bearing lower 90 m of the 

Purisima Formation yielded diatom assemblages indicating a similar age, 7-5 Ma (Powell 

et al., 2007). A paleomagnetic study of the Purisima indicates the Santa Cruz section is 

6.07 to 2.47 Ma in age, with a depositional hiatus from 4.5 to 3.5 Ma (Madrid et al., 

1986); this depositional hiatus is marked by one of the bonebeds investigated by this 

study. 

 

Previous Taphonomic Work 

 

 

 Norris (1986) investigated preservation of invertebrate remains in the Purisima 

Formation, and found a shift from physical processes (i.e. reworking, transport) 

dominating shallower marine settings, to ecological processes (i.e. bioturbation, 

encrustation, in-situ preservation) that dominated in deeper marine settings. Norris (1986) 

also observed a decrease in thickness and frequency of invertebrate accumulations with 

increasing inferred water depth. A study by Boessenecker and Perry (2011) identified 
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juvenile fur seal bones with tooth marks attributable to marine mammal teeth from the 

middle part of the Santa Cruz section. 
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CHAPTER 4 

 

 

LITHOFACIES ANALYSIS 

 

 

 Six lithofacies were identified in the Purisima Formation on the basis of 

differences in grain size and sedimentary structures (Table 2; Figure 8). There are three 

sandstone lithofacies (the Massive Pebbly Sandstone, Massive Sandstone, and 

Hummocky Cross-Stratified Sandstone lithofacies), and three mudrock lithofacies (the 

Massive Pebbly Mudrock, Massive Mudrock, and Laminated Diatomite lithofacies). 

Some of these are similar to those lithofacies identified by Norris (1986). 

 

Massive Pebbly Sandstone (Spm) 

 

 

Description  

 

 Thin beds of massive fine-very coarse grained, poorly sorted sandstone with 

glauconitic and phosphatic components occur occasionally within the Santa Cruz section 

(Figure 7, 8A). Glauconite grains are abundant, and in most cases phosphate pebbles and 

cobble-size nodules are common. The sandstone of this facies is typically massive due to 

pervasive bioturbation, and contains abundant trace fossils. Pebble and rare cobble size 

clasts and bioclasts include phosphatic nodules, vertebrate elements, and terrigenous 

lithic clasts. Although typically loosely packed, clasts and bioclasts are occasionally 

densely packed within the B-interval (e.g. Bonebed 5), becoming more dispersed within  

the Γ -interval. The bonebeds where this lithofacies occurs can be traced laterally for 
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TABLE 2. Comparison of lithofacies characteristics. Relative thickness of lithofacies 

indicates the percentage that each lithofacies constitutes of the entire stratigraphic 

column. Vertebrate abundance is a qualitative assessment based on field observations, 

rather than the sample size from each lithofacies, which may be in error due to collecting 

bias. 
Lithofacies 

Characteristics 

Massive 

Pebbly 

Sandstone 

lithofacies 

Massive 

Sandstone 

lithofacies 

Hummocky Cross 

Stratified 

Sandstone 

lithofacies 

Massive 

Pebbly 

Mudrock 

lithofacies 

Massive 

Mudrock 

lithofacies 

Laminated 

Diatomite 

lithofacies 

Sedimentary 

structures 

Massive 

bedding 

Massive 

bedding 

Hummocky cross 

stratifications 

Massive 

bedding 

Massive 

bedding 

Planar 

laminations 

Bioturbation Abundant Abundant Rare-Moderate Abundant Abundant Abundant 

Grain size V. Fine-

Medium 

Sand 

V. Fine-

Medium 

Sand 

V. Fine-Medium 

Sand 

Silt-Clay Silt-Clay Clay 

Erosional surfaces Moderate Rare Abundant Rare Rare Rare 

Phosphatic 

Clasts/Bioclasts 

Abundant Rare Moderate Abundant Rare Absent 

Relative thickness in 

study sections 

3.8% 58.2% 5.1% 1.7% 28.7% 2.5% 

Invertebrate 

Bioclasts 

Moderate-

Abundant 

Moderate Abundant Rare Rare Absent 

Vertebrate 

abundance 

Abundant Moderate Moderate Abundant Rare Rare 

 

 

several kilometers (see BONEBEDS). 

 

 Phosphatic steinkerns of mollusks, phosphatized crustacean remains, and 

crustacean-bearing nodules comprise a large fraction of the phosphatic nodules. 

Terrigenous granules and pebbles also occur within this facies. This facies is intimately 

associated with laterally extensive bonebeds, and constitutes the sedimentary component 

of bonebeds with sand-size matrix (some bonebeds occur within mudrock facies). 

 Vertebrate material from this facies is abundant and includes fossils of sharks 

(teeth, calcified cartilage), fish (bones), birds (bones), and marine mammals (bones and  

teeth). Calcium-carbonate mollusk shells are rare, and mollusk steinkerns are typically 

devoid of original shell material. Steinkerns are typically from articulated bivalves or 
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FIGURE 8. Lithofacies of the Purisima Formation delineated in this study. A) Massive 

Pebbly Sandstone; B) Massive Pebbly Mudrock (rock hammer measures 34cm long); C) 

Hummocky Cross-Stratified Sandstone (vertical scale = 10cm); D) Laminated Diatomite 

Lithofacies; E) Massive Sandstone Lithofacies (binoculars measure 15cm long); F) 

Massive Mudrock lithofacies (lens cap = 6 cm). 

 

internal molds of gastropods. Occasionally, they include larger phosphatic nodules with a 

bioclastic framework of disarticulated mollusks, similar in fabric to shelly bioclastic units 

of underlying strata. These horizons are generally tabular and associated with basal 

erosional surfaces. In one case (Bonebed 6), this facies is developed into a complex 
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phosphatic hardground with multiple erosional surfaces preserved within a few 10's of 

cm. This facies is typified by gradational upper contacts (pebble size clasts and bioclasts 

becoming more dispersed up section with a grain size decrease) and may exhibit a sharp 

lower contact, gradational lower contact, or combination of both. This facies interfingers 

with the Hummocky-Cross Stratified Sandstone lithofacies, Massive Sandstone 

lithofacies, and occasionally the Massive Mudrock lithofacies described below (Figure 

9A, C). Large pebble and cobble sized clasts of phosphate and reworked porcelanitic 

pebbles and cobbles of the Santa Cruz Mudstone (Bonebed 1 only) occasionally exhibit 

bivalve borings up to 3 cm deep, and 0.5-1.0 cm external diameter; boring intensity is 

highest in extraformational Santa Cruz Mudstone clasts from the basal bonebed. In some 

cases where an erosional surface occurs within this facies, similar small flask-shaped 

clam borings occur (Gastrochaenolites; 1-4 cm deep, flask-shaped borings from pholad 

clams; Ekdale et al., 1984), and Gastrochaenolites and Trypanites (>1cm wide 

subcylindrical borings; Ekdale et al., 1984) borings occasionally occur on terrigenous and 

phosphatic clasts. Burrows of Ophiomorpha (vertical 3-5cm wide probable crustacean 

burrows; Seilacher, 2007) up to 3 meters below this facies are often filled with 

phosphatic pebbles and bioclastic debris identical in character to that preserved in the 

Massive Pebbly Sandstone facies. Bonebeds 1, 4, 5, and 6 are exposures of this 

lithofacies.  

 

Interpretation  

 

 This lithofacies only occurs within some bonebeds and thus only forms during 

bonebed genesis. The abundance of glauconite indicates low to zero-net sedimentation; 
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FIGURE 9. Outcrop photos showing interfingering relationships of lithofacies. Vertical 

scale = 1m. A) exposure of the base of section 1. B) exposure of section 2 at Bonebed 3. 

C) Exposure of section 2 at Bonebed 4. D) exposure of Bonebed 2 in section 1. 

Abbreviations: Hcs – Hummocky Cross-Stratified Sandstone lithofacies; Ld – Laminated 

Diatomite lithofacies; Mm – Massive Mudrock lithofacies; Ms – Massive Sandstone 

lithofacies; Mpm – Massive Pebbly Mudrock lithofacies; Mps – Massive Pebbly 

sandstone lithofacies; Scm – Santa Cruz Mudstone. Solid lines denote sharp contacts, and 

dashed lines denote gradational contacts.  
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glauconite typically forms under conditions of sediment starvation (Cloud, 1955). 

Because phosphogenesis only occurs below the sediment water interface during periods 

of low to zero net sedimentation (Follmi, 1996) similar to glauconite, phosphatic debris 

indicates erosion and exhumation of phosphatized debris from preexisting sediment. Not 

all bonebeds exhibit sharp erosional surfaces; in fact, only Bonebeds 1, 5, and 6 exhibit 

sharp bases, whereas Bonebeds 2, 3, and 4 exhibit gradational contacts. The abundance of 

phosphatic debris within Bonebeds 2 and 4 suggest that the erosional lower contact was 

erased due to bioturbation. Lithification of the underlying Santa Cruz Mudstone (Aiello 

et al., 2001) resulted in erosion of a marine hardground during the hiatus that occurred 

prior to Purisima Formation deposition, preserving a sharp lower contact of Bonebed 1, 

whereas the formation of a phosphatic hardground preserved the sharp internal contacts 

of Bonebed 6. This lithofacies does not appear to interfinger with other lithofacies in the 

strict sense, but appears to truncate underlying strata. The abundance of phosphatic 

material and glauconite indicates that this lithofacies is associated with the most extreme 

periods of non-deposition, whereas the truncation of underlying units and wide lateral 

extent also indicates that the formation of this lithofacies is associated with large-scale 

erosion of the seafloor. The abundance of phosphatized bioclasts and phosphatic nodules 

also requires significant erosion during the formation of this lithofacies. The occurrence 

of burrows like Ophiomorpha as well as borings like Gastrochaenolites and Trypanites 

suggests that this lithofacies corresponds with two ichnofacies: the Skolithos ichnofacies 

and the Trypanites ichnofacies (respectively). The Skolithos ichnofacies characterizes 

non-hardground sandstone within this lithofacies, and is indicative of high-energy, 

shoreface and transition zone environments (Ekdale et al., 1984). On the other hand, the 
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Trypanites ichnofacies is limited to hardgrounds (Bonebeds 5 and 6) and rockgrounds 

(Bonebed 1) within this lithofacies, and is indicative of high-energy settings with a fully 

lithified substrate (Ekdale et al., 1984). 

 This lithofacies is associated with diastems in the Purisima Formation, some of 

which not only record depositional hiatuses on the order of 0.7-1.0 my (see 

BONEBEDS), but most also exhibit vertical offset in facies (Figure 7). The majority of 

bonebeds represent a relative offset from deeper to shallower depositional settings 

(Figure 10)(within strata immediately overlying and underlying bonebeds), and are 

consistent with the transgressive lag model (see summary in Rogers and Kidwell, 2008) 

of bonebed formation (see BONEBEDS). 

 

Hummocky-Cross Stratified Sandstone (Shc) 

 

 

Description 

 

 This facies includes beds of hummocky cross-stratified, very fine-medium 

grained, well-moderately sorted sandstone (Figure 8C). These beds are typically 20-60 

cm thick (Norris, 1986), and in some cases may be up to 120 cm thick. Each bed fines 

upwards, and a discontinuous shell lag is often developed at each lower bounding 

surface. The lower bounding surfaces are sharp and often wavy. Mollusk shell 

concentrations typically comprise beds and pavements, and mudrock rip-up clasts 

(typically 1-3 cm in size, and up to 25 cm) may be included as well, in addition to 

phosphate nodules (typical of thicker shell lags), and rare vertebrate elements. Many 

shells retain adhering mudrock and phosphatic matrix. Terrigenous siliciclastic pebbles 

occur occasionally along the lower erosional contact, but are much rarer than in the 
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Massive Pebbly Sandstone lithofacies. Bioturbation and trace fossils are absent from the 

lower part of each bed, and burrowing intensity increases towards the top, which is often 

completely bioturbated and massive. Trace fossils include rare Ophiomorpha. Thinner 

beds (<40 cm) often completely lack trace fossils. These beds are tabular and can be 

traced laterally for hundreds of meters (Norris, 1986). This lithofacies interfingers with 

the Massive Sandstone, Massive Pebbly Sandstone, and occasionally Massive Mudrock 

lithofacies (Figure 9B). 

 

Interpretation  

 

 This facies represents Upper and Lower Shoreface deposition above storm 

weather wave base and fair weather wave base (Figure 10). Hummocky and swaley 

cross-stratification form under conditions of combined flow, with suspended sand-size 

sediment rapidly coming out of suspension. On the shelf, this facies is associated with 

combined flow conditions (Duke et al., 1991). Combined flow is a combination of 

oscillatory and unidirectional flow, and often occurs during hyperpycnal flow after heavy 

continental precipitation; this results in sediment-laden river plumes, and often is 

associated with the effects of storms (Duke et al., 1991; Dumas and Arnott, 2006). The 

lack of bioturbation is due to frequent storm and current reworking of sediment in 

settings above fair weather wave base that are characterized by constant fair weather 

waves and frequent storm activity (Norris, 1986). Storm deposition represents some of 

the highest energy settings within the deposition of the Purisima Formation (Norris, 

1986). Nevertheless, trace fossils do occur in this lithofacies, primarily Ophiomorpha 

(Perry, 1977), indicative of the Skolithos ichnofacies. The Skolithos ichnofacies 
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characterizes non-hardground sandstone within this lithofacies, and is indicative of high-

energy, shoreface and transition zone environments (Ekdale et al., 1984). Frequent 

reworking of sediment is indicated by the truncation and amalgamation of many beds in 

this facies, and results in the destruction of any biogenic overprint such as bioturbation. 

Laterally extensive hummocky cross-stratified beds that are bioturbated at their top 

represent hyperpycnal deposition below fair weather wave base. This deposition occurs 

closer to storm weather wave base, where fewer storms disturb the seafloor and longer 

periods of inter-storm bioturbation are able to occur (Norris, 1986). In contrast, non-

bioturbated hummocky-cross stratified beds within this lithofacies are interpreted to have 

been deposited closer to and above fair weather wave base. Abundantly preserved 

erosional surfaces (mantled with invertebrate bioclasts, mud rip-up clasts, and phosphate 

nodules) within this lithofacies at the base of storm deposits indicates frequent storm-

related erosional events. However, the less-common terrigenous clasts and less 

taphonomically mature invertebrate fossils (Norris, 1986) suggest that although the 

frequency of reworking is much higher than in the Massive Pebbly Sandstone lithofacies 

(i.e. timing between the formation of different bonebeds), the magnitude of nondeposition 

is geologically much shorter.  

 

Massive Sandstone (Sm) 

 

 

Description 

 

 Massively bedded, tabular sandstone packages characterize much of the Purisima 

Formation exposures. These sandstones are typically fine-medium grained (occasionally 

very fine grained), moderately-poorly sorted, and contain silty matrix (Figure 8E). In 
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some cases this lithofacies occurs in thick (up to 25 m thick), monotonous, 

unfossiliferous sections. Few erosional surfaces are preserved within this facies, and most 

observed changes in lithology (i.e. color, sorting, grain size, ichnofabric) within this 

facies are gradational. A few thin hummocky cross-stratified beds occur where this 

lithofacies transitions to the Hummocky Cross-Stratified Sandstone lithofacies. The 

massive nature of this lithofacies derives from pervasive bioturbation that  has completely 

homogenized the primary sedimentary fabric. Typically the trace fossil Ophiomorpha is 

abundant, and in some cases the ichnofabric is composed entirely of cross-cutting, 

overlapping trace fossils. The trace fossils Teichichnus (concave up vertically migrating 

spreiten), Skolithos (vertical tube-shaped burrows under 1 cm in width), and Planolites 

(small horizontal tube-shaped burrows under 2cm in width) also occur frequently (Perry, 

1977), primarily in the finer-grained spectrum of this facies. Bioclastic units occur 

infrequently within this lithofacies, and primarily include thin shell beds, pavements, and 

stringers. Clumps of articulated, bivalves (often Anadara trilineata) occur as well, 

apparently in life position. "Articulated" clumps of the colonial gastropod Crepidula also 

occur rarely within this facies. This lithofacies often directly overlies laterally extensive 

bonebeds (Norris, 1986). Bonebed 3 lacks abundant phosphatic and terrigenous pebbles, 

and is instead assigned to this lithofacies (rather than the Massive Pebbly Sandstone 

lithofacies). Vertebrate fossils occur rarely within this facies, and vary in preservation 

from abraded to pristine isolated elements and disarticulated and partially articulated 

skeletons. This facies interfingers with the Hummocky Cross-Stratified Sandstone, 

Massive Mudrock, and Massive Pebbly Sandstone Lithofacies when developed (Figure 

9B). 
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Interpretation 

 

 This lithofacies represents deposition below storm weather wave base in the 

Shoreface-Offshore Transition Zone (Figure 10). The massive bedding and monotonous 

nature of this lithofacies is due to pervasive bioturbation. Due to the depth of this 

depositional setting, infrequent storm activity failed to erase the bioturbatory overprint 

(Norris, 1986). Although primary sedimentary structures are now lacking, the abundance 

of laterally extensive shell beds and pavements suggest storm-deposited beds were 

originally deposited, with subsequent extensive bioturbation. The sharp scours at the base 

of hummocky cross-stratified beds indicates that erosion and reworking of preexisting 

sediment occurred prior to deposition. The abundance of sand below storm weather wave 

base also suggests sediment introduction through infrequent storm-related event 

deposition and subsequent bioturbation. The combination of ichnotaxa suggest that this 

lithofacies corresponds to both the Skolithos and Cruziana ichnofacies (Ekdale et al., 

1984); the Cruziana ichnofacies is typical of slightly deeper deposition than the Skolithos 

ichnofacies, and the Skolithos ichnofacies transitions to the Cruziana ichnofacies in 

deeper environments (Ekdale et al., 1984). This is suggestive of Transition Zone 

deposition. This lithofacies interfingers with the Hummocky Cross-Stratified Sandstone 

and Massive Mudrock lithofacies (Norris, 1986). The occurrence of some features related 

to distal storm deposition (Norris, 1986) suggests a similar episodic pattern of storm 

erosion, reworking, and deposition. The deeper water Transition Zone deposition of this 

lithofacies, however, suggests more infrequent storms with less magnitude disturbance 

than what characterizes the Hummocky Cross-Stratified Sandstone lithofacies. The 
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similarity in grain size in combination with the increased bioturbation of this lithofacies 

indicates slightly lower energy than the Hummocky Cross-Stratified Sandstone 

lithofacies. 

 

Massive Pebbly Mudrock (Mpm) 

 

 

Description 

 

 This lithofacies is similar in many regards to the Massive Pebbly Sandstone 

lithofacies, and is represented primarily by Bonebed 2 and other poorly exposed 

(undescribed) bonebeds in Section 1. The interstitial matrix is massive, pervasively 

bioturbated mudrock. The coarse fraction of this lithofacies is a very poorly sorted, 

matrix-supported pebble and cobble conglomerate (Figure 8B). Small zones may be clast-

supported. The coarse clastic component of this bonebed is primarily composed of 

phosphatic nodules and rare terrigenous clasts. Phosphatic nodules are internally 

homogenous and lack mollusk or crustacean skeletal elements. Vertebrate skeletal 

elements are relatively abundant, and invertebrate body fossils, including calcareous 

mollusk shells and phosphatic crustacean exoskeletal elements, are absent. Burrows 

including Ophiomorpha and Thalassinoides (horizontal branching tube-shaped burrows) 

are typically infilled with bonebed debris. Other trace fossils include Teichichnus and 

Planolites (horizontal tube-shaped burrows under 2 cm in diameter). Vertebrate skeletal 

elements are often fragmented, and heavily phosphatized (Stage 2A). This lithofacies 

interfingers with the Massive Mudrock and Laminated Diatomite Lithofacies (Figure 

9D). 
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Interpretation 

 

 This lithofacies likely formed in a manner similar to the Massive Pebbly 

Sandstone lithofacies (See Massive Pebbly Sandstone, and BONEBEDS). The abundance 

of phosphatic nodules indicate a substantial decrease in sedimentation rate. Additionally, 

because phosphate nodules can only form below the sediment-water interface (Follmi, 

1996), the abundance of these nodules indicates a substantial amount of exhumation of 

material from preexisting deposits. The lack of calcareous material may be due to the low 

pH settings associated with phosphogenesis (Friede, 1987; Follmi, 1996), although 

calcareous macrofossils are generally absent from the diatomite portions of the Massive 

Mudrock lithofacies, which bracket (above and below) the only known exposures of the 

Massive Pebbly Mudrock lithofacies. The mode of formation of this lithofacies is likely 

similar to that of the Massive Pebbly Sandstone lithofacies, given the similarity in 

phosphatic and bioclastic content. The abundance of phosphatic nodules also suggests a 

long period of nondeposition during the formation of this lithofacies. The finer-grained 

sediment (massive siltstone and diatomite) that occurs within this lithofacies suggests that 

this lithofacies may be interpreted as formation of distal bonebeds (or distal portions of a 

bonebed) within offshore environments. Although Ophiomorpha and Thalassinoides and 

the Skolithos ichnofacies are typical of sandy, high energy environments (Ekdale et al., 

1984), their occurrence here is likely due to the high energy associated with bonebed 

deposition. Other traces such as Teichichnus and Planolites (Cruziana ichnofacies) are 

more typical of lower energy, muddy environments (Ekdale et al., 1984). As the Massive 

Pebbly Sandstone likely represents bonebed formation within Shoreface and Transition 
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Zone settings, and the wide lateral extent of bonebeds in the Purisima Formation (see 

BONEBEDS), a single bonebed may transition from the Massive Pebbly Sandstone 

lithofacies (deposited in proximal settings) into the Massive Pebbly Mudrock lithofacies, 

where deposited in deeper offshore settings (Figure 10). 

 

Massive Mudrock (Mm) 

 

 

Description 

 

 This lithofacies primarily includes siltstone, but occasionally also includes 

mudstone and diatomaceous lithologies as well. Massively bedded diatomite occurs near 

the base of the Purisima Formation. Most internal changes in lithology or fabric are 

gradational; this facies appears to lack any obvious internal erosional surfaces, and 

exhibits a tabular geometry (Figure 8F). Planar laminated siltstone occasionally forms 

couplets with massive siltstone. Some parts of this facies include thin horizons of ripple 

cross-laminated siltstone. Other parts of this facies exhibit stacked fining-upward beds 

(~1 m thick) with very fine sand and occasional shell lags at the base, fining upward into 

siltstone and mudstone. This facies harbors a variety of trace fossils (Perry, 1977), 

including Teichichnus, Planolites, and rare Thalassinoides and Ophiomorpha. The 

ichnofabric typically consists of cross-cutting traces; very small trace fossils and burrows 

(<1cm wide) are preserved within this facies. Ophiomorpha is occasionally infilled with 

sand if close to overlying sandstone. Articulated bivalves (Tresus, Anadara) occur as 

monotaxic clumps or in isolation; partial colonies of Crepidula also occur. This facies 

interfingers with the Laminated Diatomite and Massive Sandstone lithofacies (Figure 9B-

D). 
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Interpretation 

 

 This lithofacies represents Offshore deposition well below storm weather wave 

base, and beyond the limits where sandy sediment is introduced into the Shoreface-

Offshore Transition Zone (Figure 10). Deposition here largely takes place due to 

suspension fallout of silt and mud. In some localities where stacked upward-fining beds 

with occasional shell lags occur (Perry, 1977), this most likely represents distal storm-

generated event deposition. The massive nature of the sediment is again due to pervasive 

bioturbation. Biogenic activity is relatively unaffected by any sort of disturbances, which 

is also reflected by the abundance of mollusk concentrations that are preserved in life 

position (Norris, 1986). In other localities of the Purisima Formation, this lithofacies 

interfingers with turbidites, indicating deposition on the outer shelf and near the shelf-

slope break (Norris, 1986), which is corroborated by bathyal foraminifera (Bandy, 1955). 

Although present, the rarity of storm-related depositional features or primary sedimentary 

structures indicates rare current-related reworking of sediment or disturbances of any 

kind, and very infrequent storms. Based on the grain size and widespread bioturbation, 

this lithofacies was deposited under very low energy conditions. The trace fossil 

assemblage of this lithofacies characterizes the Cruziana ichnofacies, which is typical of  

muddy, lower energy shelf environments (Ekdale et al., 1984); the relatively rarer 

occurrence of Skolithos ichnofacies traces also suggest a deeper environment of 

deposition than the Massive Sandstone lithofacies. 
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FIGURE 10. Depositional interpretation of lithofacies within the Purisima Formation. A) 

lateral relationships of non-bonebed lithofacies, prior to bonebed formation. B) during the 

beginning of transgression, the seafloor is eroded; the Massive Pebbly Sandstone 

lithofacies is interpreted as representing proximal bonebed formation and the Massive 

Pebbly Mudrock is interpreted as distal bonebed formation. C) deposition continues, 

resulting in a shoreward shift in facies above the bonebed. 

 

Laminated Diatomite (Mld) 

 

 

Description 

 

 This lithofacies only occurs in the lowermost part of the Santa Cruz section, and 

consists of finely laminated gray-yellow diatomite with a tabular geometry (Figure 8D). 

Few trace fossils (<1 cm wide) trace fossils exist in this facies, where trace fossils are 

very rare, although some horizons exhibit sparse trace fossils. This facies is sparsely 
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fossiliferous and usually lacks calcium carbonate skeletal material. One horizon in 

particular (4 meters above the base of the Purisima Formation) exhibits a sharp contact 

with underlying massive diatomite below, and is mantled by sand, woody debris, and rare 

vertebrate elements and fragmentary mollusks. This is the same stratigraphic position and 

locality of a fragmentary 'whale fall' assemblage discovered by F. A. Perry in 1993. This 

facies interfingers with the Massive Mudrock lithofacies (Figure 9D). 

 

Interpretation 

 

 A single section of the Laminated Diatomite lithofacies exists, and can be viewed 

as the last pulse of "Monterey Formation-type" deposition in Central California discussed 

by Barron (1986). This lithofacies marks a return to biosiliceous sedimentation that 

characterizes the underlying Santa Cruz Mudstone and Monterey Formation. A 

combination of high productivity and formation of isolated, sediment starved basins has 

been implicated in the richly diatomaceous deposits of the Monterey Formation (Ingle, 

1981), and likely applies to the occurrence of diatomite within the lowermost Purisima 

Formation. The complete lack of trace fossils and invertebrate body fossils from this 

lithofacies suggests anoxic or dysoxic pore water (or portion of the water column). This 

lithofacies was deposited by a biogenic rain of diatom tests in offshore settings well 

below storm weather wave base, and beyond the influence of currents or other 

disturbance (Figure 10). The Laminated Diatomite lithofacies represents the lowest 

energy deposition within the Purisima Formation, and is characterized by slow, 

uninterrupted sedimentation without any current disturbance. This lithofacies, in addition 

to the massive and bioturbated diatomite that underlie and overlie it (technically 
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belonging to the Massive Mudrock lithofacies) represents deposition at or near the shelf-

slope break (Powell et al., 2007). 

 

Lithofacies Associations 

 

 

Shoreface Facies Association 

 

 The Hummocky Cross-Stratified Sandstone, Massive Sandstone, and Massive 

Pebbly Sandstone lithofacies commonly occur together, and interfinger more frequently 

with each other than with finer-grained lithofacies (Figure 9B). As discussed above, this 

suite of lithofacies represents deposition from slightly below storm weather wave base to 

above fair weather wave base, and on the proximal portion of the continental shelf, 

adjacent to the shoreline (Figure 10). Abundant internal truncations and shell beds 

indicate frequent, high energy disturbance of sediment at the sediment-water interface by 

storm activity and fair weather wave activity. The majority of bonebeds within this facies 

association have internal erosional surfaces, also indicating relatively higher energy than 

in the Offshore lithofacies association. The preservation of primary sedimentary 

structures in some strata indicate higher sedimentation rates, and higher frequency of 

sediment disturbance than the Offshore lithofacies association, and is likely due to the 

shallower environment of deposition. 

 

Offshore lithofacies association 

 

 The Massive Mudrock, Laminated Diatomite, and Massive Pebbly Mudrock 

lithofacies co-occur together, and more frequently interfinger with each other than with 

any of the coarser sandstone lithofacies (Figure 9A, C-D). This suite of lithofacies 
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represents deposition entirely below storm weather wave base, and in distal parts of the 

continental shelf (Figure 10). Pervasive bioturbation, abundant phosphate nodules, and 

potentially hiatal bonebeds are all indicative of slow sedimentation rates. The exclusively 

fine-grained nature of the strata assigned to this lithofacies association is due to the distal 

nature of the environment of deposition, and the relatively far distance from areas where 

shallow water sediment transport processes are able to operate and introduce coarse 

clastic sediment. The siltstone, mudstone, claystone, and diatomite were deposited by 

suspension fallout of mud and diatom tests. Additionally, thick sections of diatomite 

indicate certain areas of the outer shelf were starved of siliciclastic sediment, allowing 

biogenic sediment to accrue. The laminated nature of some diatomaceous strata suggest 

anoxic deposition (restricting the bioturbating infauna), further suggesting sediment-

starved portions of the outer shelf. 
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CHAPTER 5 

 

 

DEPOSITIONAL HISTORY 

 

 

 The distribution of lithofacies within the Santa Cruz section of the Purisima 

Formation allows interpretation of the depositional history of this unit, in the context of 

successive depositional environments. Overall, the Purisima Formation represents a 

change from biogenic sedimentation during the Middle and Late Miocene (e.g. Monterey 

Formation and Santa Cruz Mudstone), to dominantly siliciclastic deposition in central 

California during the latest Miocene and Pliocene (Powell et al., 2007. The Tortonian-

equivalent  (10-12 Ma) Santa Margarita Sandstone (deposited between the Monterey 

Formation and Santa Cruz Mudstone) can be viewed as the first pulse of Late Neogene 

dominantly siliciclastic sedimentation. The Purisima Formation represents an overall 

regression that is punctuated by several transgressive-regressive successions (Powell et 

al., 2007). The underlying Santa Cruz Mudstone was lithified and deformed at the time 

that Purisima Formation deposition began (Aiello et al., 2001), and represents offshore 

biosiliceous sedimentation (Ingle, 1979). 

 There are four contiguous exposures of the Santa Cruz section of the Purisima 

Formation (Figure 1B), and abundant vertebrate fossils occur in all but the uppermost 

section. The uppermost section predominantly represents upper shoreface, nearshore, 

foreshore, and estuarine depositional settings (Norris, 1986), and due to its lack of 

vertebrate fossils, was not included in this study. The other three sections are referred to 

herein as section 1, section 2, and section 3.  
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 Section 1 (Figure 7) is nearly 50 m thick, and occurs southwest of the city of 

Santa Cruz, California. Section 1includes the basal erosional unconformity of the 

Purisima Formation, which is mantled by massive glauconitic sandstone and bonebed 

debris (Bonebed 1). This grades upwards into massive diatomite that includes another 

bonebed (Bonebed 2), which in turn is overlain by laminated diatomite. Bioturbated 

diatomite overlies the laminated diatomite, and the rest of section 1 records a gradual 

increase in grain size from bioturbated diatomite to massive siltstone, and a 25 m thick, 

monotonous section of massive sandstone. Two unnamed (and as-yet unstudied) 

bonebeds occur within massively bedded diatomite and sandstone above Bonebed 2 in 

this section. 

 Section 2 (Figure 7) is approximately 30 m thick, and occurs between Santa Cruz 

and Capitola, California. Section 2 includes a 10 m thick monotonous section of the 

Massive Sandstone lithofacies at its base, although several outcrops are separated (by 

incised stream valleys) and it is unclear how many meters of section are missing. This is 

overlain by massive siltstone which grades up into massive sandstone and then 

hummocky cross-stratified sandstone, and topped with a thin bonebed (Bonebed 3) that is 

overlain by massive siltstone. This siltstone is truncated by another bonebed (Bonebed 4). 

The overlying massive siltstone above this includes several 0.5-1.0 meter thick fining 

upward beds with very fine sand and occasional shell lags at the base, with sand and 

mollusk concentration increasing up section. 

 Section 3 (Figure 7) is approximately 30 m thick, and occurs in the vicinity of 

Capitola, California. exhibits a basal hummocky cross-stratified sandstone that is 

truncated by Bonebed 5, and overlain by massively bedded sandstone which grades  
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FIGURE 11. Sequence stratigraphic interpretation of the Santa Cruz section of the 

Purisima Formation. Abbreviations: HST, Highstand Systems Tract; MFS, Marine 

Flooding Surface; MMFS, Maximum Marine Flooding Surface; SB, Sequence Boundary; 

TST, Transgressive System Tract. 
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upwards into massive siltstone. This in turn grades back into massive sandstone that 

becomes increasingly fossiliferous upsection. The massive sandstone grades into 

hummocky cross-bedded sandstone that shows progressive decrease in bioturbation of 

hummocky cross-stratified beds and increase in the thickness of mollusk fossil 

concentrations at the base. This in turn is capped by Bonebed 6, which is overlain by 

massively bedded sandstone.  

 Although only a single vertical section exists, the depositional history of the Santa 

Cruz section of the Purisima Formation can be explained within a sequence stratigraphic 

context, as discontinuity bounded units are evident within the Purisima Formation (Figure 

11). The base of section 1 represents a significant shallowing relative to the offshore 

depositional setting of the Santa Cruz Mudstone (Aiello et al., 2001). Because of the 

large basinward offset in depositional setting, this can be interpreted as a ‘forced 

regression’ (Van Wagoner et al. 1990). Additionally, the tectonic deformation of the 

Santa Cruz Mudstone prior to Purisima Formation deposition (Aiello et al., 2001), in 

concert with the relative change in depositional setting, suggest that a ‘forced regression’ 

may have occurred due to uplift of the basin floor prior to (or during) the depositional 

hiatus that resulted in Bonebed 1. Bonebed 1 is identified as a sequence boundary; more 

specific identification (i.e. type 1 v. type 2) was not attempted due to the lack of 

additional correlatable stratigraphic sections. The next 10 meters represents a gradual 

transition to deeper water sedimentation in the change from the Massive Sandstone to 

Massive Mudrock and eventually Laminated Diatomite lithofacies (Figure 11). Because 

this section represents a gradual transgression overlying a sequence boundary, it is 

identified as a thin Transgressive Systems Tract (TST). Bonebed 2, which occurs three 
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meters above the base, may represent a distal portion of a transgressive surface of 

erosion; due to the uncertainty of this feature, the section between Bonebed 1 and 2 are 

not identified as a Lowstand Systems Tract (LST), and instead assigned to the TST. For 

example, although the LST in the sequence stratigraphic model of Van Wagoner et al. 

(1990) is bounded below by the sequence boundary and the transgressive surface of 

erosion above, the transgressive surface of erosion may in fact be telescoped with the 

sequence boundary (Kidwell, 1993). Thus, Bonebed 1 may include both the sequence 

boundary and the transgressive surface of erosion, and perhaps the LST is not preserved 

within the Purisima Formation. The rest of section 1 is difficult to subdivide, but 

represents gradual shallowing. The two aforementioned (unnumbered) bonebeds in the 

upper part of section 1 may represent marine flooding surfaces at the base of 

parasequences (which typifies sections 2 and 3). Altogether, above the TST, the rest of 

the Purisima Formation represents a stacked series of shallowing-upward parasequences 

with bonebeds at their basal marine flooding surfaces, and can all be identified as the 

Highstand Systems Tract (HST)(Figure 11).  

 Section 2 includes at least three parasequences, two of which include marine 

vertebrate concentrations at their basal parasequence boundaries. Parasequence 

boundaries are also termed Marine Flooding Surfaces (MFS), and represent shoreward 

offsets in facies (Van Wagoner et al., 1990). Section 3 preserves the best example of a 

parasequence, which is capped by Bonebed 6. Overall, the parasequences within the HST 

represent successively shallower environments. As previously mentioned, the uppermost 

section of the Purisima represents nearshore, foreshore, and estuarine environments, and 

may still represent part of the HST (Figure 11), as terrestrial Pleistocene Aromas Red 
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Sands appear to conformably overlie the Purisima Formation (Powell et al., 2007). 

Admittedly, this poorly exposed section is poorly studied. In summary, the Purisima 

Formation represents an initial shallowing, after uplift, deformation, and lithification of 

the underlying Santa Cruz, followed by a short transgression (TST), and then deposition 

packages of rock with basinward shifts in facies (parasequences) bounded by 

discontinuities representing slight shoreward facies offsets (parasequence 

boundaries/marine flooding surfaces/bonebeds). These parasequences (highstand systems 

tract) record increasingly shallower facies, eventually grading into terrestrial deposits. 
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CHAPTER 6 

 

 

BONEBEDS 

 

 Six bonebeds were studied in detail from the Santa Cruz section of the Purisima 

Formation (Table 3). Several other bonebeds were observed – two in the middle of 

section 1, and a third within section 3, several meters above Bonebed 5. The additional 

bonebeds in section 1 were not included in the study primarily because they were 

exposed on bluffs with a vertical drop to the sea, and too dangerous to access. The 

unstudied bonebed in section 3 is only exposed 3 m above the beach, and permanently 

inaccessible. Bonebeds 1, 4, and 6 are permanently exposed for several kilometers, 

whereas Bonebeds 2, 3, and 5 had much smaller exposures which were temporarily 

obscured by beach sands. Bonebeds 1, 4, 5, and 6 are exposures of the Massive Pebbly 

Sandstone lithofacies, whereas Bonebed 2 is an exposure of the Massive Pebbly Mudrock 

lithofacies, and Bonebed 3 is an exposure of the Massive Sandstone lithofacies. These 

bonebeds occur in sections 1, 2, and 3 (Figure 7). 

 

Bonebed 1 

 

 

Description 

 

 This bonebed occurs at the base of the Purisima Formation (Figure 12A, 13A), 

mantling the unconformable contact between the Santa Cruz Mudstone and Purisima 

Formation. The Santa Cruz Mudstone below this contact consists of interbedded couplets 

of unconsolidated siltstone and silicified porcelanite. The lower contact of this bonebed is 
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highly irregular, with 20 cm of relief; many burrows (Ophiomorpha) extend up to 1 m 

below the contact and are infilled with glauconitic sandstone and coarse bonebed debris. 

The matrix lithology of the bonebed is primarily massively bedded (and burrow-mottled) 

medium grained, glauconite-rich sandstone with occasional granules, and this bonebed 

can be assigned to the Massive Pebbly Sandstone lithofacies. Coarse clasts are typically 

pebble-cobble sized extraformational clasts, most often porcelanite pebbles and cobbles 

from the Santa Cruz Mudstone and extrabasinal terrigenous pebbles (and rare cobbles). 

Cobbles of the Santa Cruz Mudstone often exhibit pholad clam borings identified as 

Gastrochaenolites (circular aperture with flask-shaped cross section, 1-3 cm deep) on all 

sides, in addition to conchoidal fracturing of many surfaces. Bonebed 1 is an 

approximately 50 cm thick matrix-supported conglomerate. Coarse clasts and bioclasts 

are most densely concentrated (matrix supported or loosely packed) in the basal 20cm 

thick B-interval, and above this become increasingly more dispersed within the Γ-

interval. Cobbles and large bioclasts are almost always in the lower 20cm, and are 

occasionally in contact with the Santa Cruz Mudstone. Gravel and bioclast size decreases 

upwards. The thickness of this generally tabular bonebed is maintained laterally, and it 

can be traced along the shoreline for 0.7 km. 

 

Vertebrate Preservation 

 

 Vertebrate elements are most commonly sirenian and cetacean bones and bone 

fragments. Postcranial (complete and fragmented) bones of cetaceans, sirenians, and 

pinnipeds are common, with cetacean and sirenian ribs being the most frequently 

encountered elements. Shark teeth and fish bones are less common, and mammal teeth  
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FIGURE 12. Bonebed exposures. A – Bonebed 1; B – Bonebed 2; C – Excavation of 

mysticete skull from Bonebed 3; D – Bonebed 4; E – Bonebed 5; F – Bonebed 6. Rock 

hammer measures 34 cm long, and clam knife measures 15 cm long. 

 

and bird bones are rare. Most bones exhibit Stage 1 abrasion, and some bones exhibit 

Stage 2-3, whereas very few bones are unabraded (Stage 0). Most bones exhibit some 

degree of fragmentation or fracturing. Shark teeth from this bonebed very rarely have a 

preserved root; typically over 75% of the root is missing in all specimens. No bones or 

teeth exhibit any phosphatization (e.g. blackening of elements, phosphatic nodules or 
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overgrowths). Roughly 90% of bones are within 10-15 cm of the lower contact (within 

the B-interval), and most large bones are in contact with or in close proximity to the basal 

surface. Within the B-interval, no articulated remains occur. Associated remains are 

extremely rare in this interval (one pair of associated walrus tusks were found from this 

lower zone). Articulated and associated skeletons occasionally occur 30-50 cm above the 

base, along with well-preserved (unabraded, unfragmented) isolated elements. The 

majority of these are concentrated along a horizon (within the Γ-interval) 40 cm above 

the base of the B-interval that is marked by irregular sandy concretions. Most bones 

exhibit no traces of bioerosion, but a few bones exhibit holes in the cortex that open into 

galleries within the cancellous bone (Figure 27C). Vertebrate skeletal elements range in 

size from small teeth and bone fragments (<1 cm in greatest width) to complete mysticete 

ribs up to 1m long. 

 

Bonebed 2  

 

 

Description 

 

 Bonebed 2 is located 3 m above the base of the Purisima Formation (Figure 7, 

12B, 13B), and occurs within a massively bedded, pervasively bioturbated and burrow-

mottled diatomite. The matrix of this bonebed corresponds to the Massive Mudrock 

lithofacies, and no visible change in lithology occurs within the bonebed or within a 

meter above or below. The bonebed is tabular with gradational upper and lower contacts. 

The majority of clasts and bioclasts are concentrated in the B-interval, and bioclast 

density decreases above (Γ-interval) and below (A-interval). The majority of large pebble 

and cobble sized clasts and large bioclasts occur in the B-interval; clast/bioclast size 



 49 

TABLE 3. Comparison of bonebed characteristics. Assessment of mollusk bioclast and 

phosphate content is a qualitative assessment based on field observations. 
Bonebed 

Characteristics 

Bonebed 1 Bonebed 2 Bonebed 3 Bonebed 4 Bonebed 5 Bonebed 6 

Lateral Extent 700 m 500 m 2400 m 2000 m 50 m 2500 m 

Upper Contact of 

A-interval 

Sharp Gradational Gradational Gradational Sharp Sharp 

Overlying 

deposits 

Transition 

Zone 

Offshore Offshore Offshore Shoreface Shoreface 

Underlying 

deposits 

Offshore Offshore Shoreface Offshore Transition 

Zone 

Transition 

Zone 

Lithofacies Massive 

Pebbly 

Sandstone 

Massive 

Pebbly 

Mudrock 

Massive 

Pebbly 

Sandstone 

Massive 

Pebbly 

Sandstone 

Massive 

Pebbly 

Sandstone 

Massive 

Pebbly 

Sandstone 

Vertebrate 

Sample Size 

107 56 51 441 55 206 

Mollusk Bioclasts Absent Absent Abundant Abundant Rare Abundant 

Phosphatic Clasts Absent Abundant Rare Abundant Abundant Abundant 

 

decreases upwards and downwards from the B-interval. The B-interval pinches and 

swells, and is generally patchy; clasts and bioclasts are typically matrix-supported 

 (loosely packed, but occasionally densely packed). The A- and Γ-intervals are similar in 

their architecture and consist of dispersed clasts and bioclasts. These often occur as 

localized clumps or pods, and these clusters (entirely consisting of pebble-size 

clasts/bioclasts), which are oriented vertically to oblique (sensu Kidwell et al., 1986). 

Occasionally, these pods (sensu Kidwell et al., 1986) of bonebed debris infill 

Ophiomorpha burrows. Clasts and bioclasts in these pods tend to be densely packed and 

often in direct contact. Some of these pods occur up to 2.5 m below the bonebed. At a 

level 1 m below Bonebed 2, there is a sharp, irregular contact between massive 

glauconitic sandstone below and massive diatomite above. This contact in some 

exposures is mantled by debris very similar to that of Bonebed 2, in some places 

appearing as a smaller, patchy bonebed. Where exposed in plan view, bonebed debris at 

this horizon appears to be confined to horizontal trace fossils that make a polygonal 

connected pattern. Clasts are primarily phosphatic and pebbles and cobbles in the 1-5 cm 
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size range; rarer terrigenous pebbles occur, and all cobbles are phosphatic. Most 

phosphatic clasts are black, well-rounded nodules. Bonebed 2 can be traced laterally for 

0.5 km. 

 

Vertebrate Preservation 

 

 Cetacean bones and bone fragments constitute the most abundant type of 

vertebrate element. Pinniped bones appear to be common, while shark teeth, fish bones, 

and bird bones are less common. Abrasion of these elements ranges from Stage 0-2, but 

most elements are unabraded (Stage 0). The majority of bones are preserved as 

fragments. Most bones appear phosphatized and exhibit a black coloration; many of these 

exhibit phosphatized interstitial matrix. Some bones also have phosphatic nodules or 

overgrowths adhering. A minority of the bones are completely unphosphatized, are 

lightly colored (gray-tan and yellow or brown), and weigh considerably less than 

phosphatized elements. The majority of vertebrate skeletal elements are concentrated 

within the B-interval, as are the larger elements. Bioclasts and clasts are loosely to 

densely packed within the B-interval, and increasingly more dispersed in the A- and Γ-

intervals. No articulated or associated specimens are recorded from this bonebed. Sizes of 

vertebrate bioclasts range from bone fragments and teeth under 1 cm to partial cetacean 

bones up to 40 cm long. 
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Bonebed 3 

 

 

Description 

 

 This bonebed (Figure 12C, 13C) is located in the uppermost portion of Section 2 

(Figure 7), and consists of a 5-15 cm thick, laterally extensive tabular shell rich interval 

with occasional vertebrate skeletal elements. This concentration occurs within massively 

bedded, burrow mottled sandstone that is assignable to the Massive Sandstone lithofacies. 

At a distance 1-1.5 m below this stratum is the base of a 1 m-thick bed of large-scale 

hummocky-cross stratified sandstone with an erosional scour at its base (which is 

mantled by a clast-supported mudrock rip-up clast conglomerate and a patchy, 

discontinuous shell lag). This underlying bed becomes increasingly more bioturbated 

toward its top, transitioning into massively bedded sandstone. Convoluted bedding and 

occasional ball-and-pillow structures occur towards the top of the non-bioturbated 

interval (50-70 cm below Bonebed 3). The upper and lower contacts of Bonebed 3 are 

gradational and are demarcated by a gradual decrease in mollusk shells above and below 

the B-interval. The A- and Γ-intervals are less than 10 cm thick. Mollusk shells are the 

most abundant coarse material within Bonebed 3; terrigenous clasts and phosphatic 

nodules are rare (always pebble sized), and vertebrate material is slightly less abundant 

than terrigenous clasts. Mollusk shells are loosely packed, and primarily consist of 

disarticulated bivalve shells which are generally oriented concordant and oblique to 

bedding, and are rarely nested. Bones, teeth, and pebbles always occur within the middle 

of the bed. Large elements (i.e. skeletons, skulls) extend above the B-interval into the Γ –

interval, but not below into the A-interval. Bonebed 3 can be traced laterally for 2.4 km. 
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Vertebrate Preservation 

 Cetacean bones are the most commonly occurring vertebrate elements. Shark 

teeth, bird bones, and pinniped bones are slightly less common. Vertebrate skeletal 

elements typically do not occur more densely than one element per 2 m of exposure. 

Bones are usually isolated. Vertebrate elements are typically unabraded (Stage 0), or  

occasionally slightly abraded (Stage 1). No bones exhibit any trace of phosphatization. 

Vertebrate skeletal elements range in size from small teeth and gill rakers (<5mm) to 

complete mysticete bones and skeletons over 1 m long. Bones are typically not 

fragmented, but one mysticete skull (Herpetocetus bramblei) exhibits fragments of the 

lateral margin of the rostrum that have been displaced downwards beneath the skull. The 

mysticete skull also occurs with an associated caudal vertebra, jugal bone, and all three 

middle ear ossicles (which, unlike the tympanic bulla, have no fusion with the skull). A 

few articulated and associated mysticete skeletons are known from Bonebed 3. Another 

specimen consists of a pair of associated lumbar vertebrae. The only associated 

odontocete material includes a single rib and caudal vertebra.  

 Two articulated mysticete skeletons, excavated in 2009 by PaleoResource 

Consultants (Auburn, California), have been recovered from Bonebed 3. One skeleton 

tentatively identified as the dwarf mysticete Herpetocetus bramblei includes a dorsal-up 

partial articulated vertebral column consisting of lumbars, thoracics, and posterior 

cervicals (the atlas, axis, and other anterior cervicals are missing), several ribs, and a 

radius. The posterior end of the vertebral column was eroded out in the cliff, and 

conceivably may have been more complete. Aside from the radius, forelimb and cranial 
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elements are notably missing. Curiously, a partial odontocete (Parapontoporia wilsoni) 

skull and associated dentary were discovered within the bonebed, 20 cm away from the 

vertebral column of this skeleton. The second mysticete skeleton includes a vertebral 

column (including thoracic, lumbar, and all cervical vertebrae) and partially articulated 

ribs. This skeleton is ventral-up, and lacks forelimb elements, and cranial material. The 

thoracic vertebrae are vertical, while the cervical vertebrae are increasingly more 

horizontally oriented in the anterior direction and have slipped anteriorly. 

 

Bonebed 4 

 

 

Description 

 

 Bonebed 4 (Figure 12D, 13D) is a tabular unit that contains abundant mollusk 

shells, large phosphate nodules, and well-preserved vertebrate skeletal material and 

occurs near the top of Section 2 (Figure 7). This bonebed is approximately 10-40 cm 

thick, and marks a change from massively bedded siltstone to massively bedded 

sandstone. The matrix of Bonebed 4 is very fine to fine grained sandstone with abundant 

'wisps' of siltstone; the sandstone is massively bedded and bioturbated. Bonebed 4 is 

assigned to the Massive Pebbly Sandstone lithofacies. Coarse clasts include abundant 

mollusk shells (bivalves, gastropods), crustacean skeletal elements, phosphatic nodules, 

terrigenous pebbles, marine mammal bones, bone fragments, and rare bird bones, shark 

teeth, fish bones, and calcified cartilage. Phosphatic nodules often include steinkerns, 

external molds, and abundant cylindrical nodules with fecal pellets and partial Calianassa 

skeletons inside. Many phosphate nodules include original calcareous mollusk skeletal 
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elements, and large mollusk-bearing nodules up to 15-25 cm in width include abundant 

densely packed mollusk shells.  

 Bonebed 4 maintains a relatively constant thickness over its lateral extent, but 

locally shows some variation in thickness, and the B-interval pinches and swells from 10-

40 cm in thickness. The lower contact is gradational, marking a transition from siltstone 

to sandstone (and a gradual increase in bioclast density within the A-interval), and 

includes many Ophiomorpha burrows infilled with sandstone and bonebed debris, 

extending 1 m below the B-interval. The upper contact is also gradational, marking a 

decrease in grain size (and a decrease in bioclast density) upwards within the Γ-interval. 

Clast and bioclast density is highest within the B-interval; coarse material is rare within 

the Γ-interval. Clasts and bioclasts are less abundant in the A-interval, and increase in 

abundance towards the B-interval. The coarse material within the B-interval is mostly 

matrix supported (loosely packed), and there are localized areas of clast-support (dense 

packing). Bonebed 4 can be traced laterally for 2 km. 

 

Vertebrate Preservation 

 

 Cetacean bones and bone fragments are the most commonly occurring vertebrate 

skeletal elements. Pinniped bones and teeth, shark teeth, calcified elasmobranch cartilage, 

fish bones, and bird bones are less common. Bones typically exhibit Stage 0 abrasion; 

Stage 1-2 abraded bones are less common. Fragmented bones are common. Heavily 

phosphatized bones (Stage 2) are rare, but slightly phosphatized bones are abundant 

(Stage 1) and many bones exhibit adhering phosphatic matrix (Stage 0B-C and Stage 1B- 



 55 

FIGURE 13. Bonebeds of the Purisima Formation. A) Bonebed 1. B) Bonebed 2. C) 

Bonebed 3. D) Bonebed 4. E) Bonebed 5. F) Bonebed 6. Bonebeds are labeled with the 

interval s outlined in the METHODS section, and include subintervals B0-4 of Bonebed 6. 

 

C). The largest vertebrate bones (pinniped and cetacean bones) occur within the B-

interval. Vertebrate bones are never articulated, but some partial, disarticulated skeletons 

(comprising only a few bones; Disarticulation Stage 3) have been encountered within 

Bonebed 4. Vertebrate skeletal elements include small shark and pinniped teeth and 

Cetorhinus gill rakers under 5 mm, to complete baleen whale bones up to 2 m in length. 
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Bonebed 5 

 

 

Description 

 

 Bonebed 5 (Figure 12E, 13E) is a clast-supported conglomerate located at 2 m 

above the base of Section 3 (Figure 7). The bonebed occurs at a contact between 

interfingering massive siltstone and hummocky cross-stratified sandstone below and 

massively bedded fine-grained sandstone above. The underlying siltstone exhibits flat, 

tabular concretions within 10-20 cm below the contact. The bonebed material mantles a 

sharp, irregular lower contact which locally has 10-20 cm of relief, and laterally the 

bonebed instead mantles hummocky cross-stratified sandstone where it has eroded 

completely through the thin massive siltstone. Abundant wide borings identifiable as the 

trace Gastrochaenolites (~3-10 cm wide) which extend 20-100 cm below the contact are 

filled with bonebed material. Rarely, the bottom of these borings house an in situ pholad 

clam, which is nearly as wide as the structure; the boring and the interior of the pholad 

clam are filled with bonebed debris. Bonebed matrix includes very poorly sorted fine to 

very coarse sandstone, and coarse clasts and bioclasts occur in the granule, pebble, and 

(rarely) cobble size ranges. Coarse clasts are predominantly phosphatic nodules, 

steinkerns, external molds of mollusks. Terrigenous clasts (mostly pebbles) are also 

abundant. Rare large tabular disc-shaped calcareous siltstone cobble-sized nodules (2-4 

cm thick, up to 20 cm wide) occur within 5 cm of the basal contact. Some large 

phosphatic nodules include monospecific clusters of gastropods (�assarius) and bivalves 

(Anadara) retaining original calcareous shell material; similar clusters occur in the 

underlying siltstone. Rare large mollusk-shell bearing calcareous sandstone cobble-size 
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nodules occur as well. Fragments and disarticulated portions of crustacean skeletons 

(most abundantly Calianassa and Cancer leg segments and pincers) are very abundant, 

and phosphatic nodules frequently contain partial and articulated crustacean skeletons. 

Many of these nodules are cylindrical, 2-4 cm in width, up to 10cm in length, and include 

clusters of lozenge-shaped fecal pellets and occasionally pincers and partial skeletons of 

Calianassa. Clasts and bioclasts are largest and densely packed (clast supported) within 

the B-interval, which directly overlies the irregular lower surface. The A-interval lacks 

dispersed vertebrate elements or clasts, and bonebed debris only occurs within the 

burrows described above. The Γ-interval is characterized by an upwards decrease in 

clast/bioclast density (matrix supported, or dispersed) and size (i.e. fining upwards) from 

that of the B-interval. The transition from dense to dispersed packing is gradational, as is 

the decrease in grain size from the B- to Γ-interval. Pebbles and cobbles occur most 

frequently within the B-interval, within 10-15 cm of the basal surface, and often in 

contact with it. Large pebbles and cobbles are concordantly (and occasionally obliquely) 

oriented. Some parts of the B-interval are cemented with calcium carbonate. The relief of 

the basal horizon in some places cuts across the calcareous siltstone nodule-bearing 

stratum. Bonebed 5 can only be traced laterally for 50 m; it is truncated by a normal fault 

to one side and on the other is covered by a seawall. 

 

Vertebrate Preservation 

 

 Vertebrate skeletal elements are most commonly abraded bone pebbles. When 

more complete bones are encountered, they typically consist of partial cetacean ribs and 

vertebrae. Appendicular elements of pinnipeds and odontocetes along with fish vertebrae 
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and bone fragments are slightly less common. Flat teeth of the bat ray Myliobatis are very 

common, while teeth of Carcharodon, basking shark (Cetorhinus) gill rakers are less 

common. Rare teeth of fur seals (Thalassoleon) and dolphins (Parapontoporia) also 

occur. Teeth in Bonebed 5 typically exhibit Stage 1 abrasion, and roots are typically more 

abraded than the crowns. Bones typically exhibit abrasion Stage 2-3, although unabraded 

or lightly abraded (Stages 0-1) bones occur less often. Elongate vertebrate elements are 

frequently fragmented. Bone fragments (probably from larger cetacean elements) are also 

very common. Fragile parts of certain bones (e.g. neural arches and transverse processes 

of mammal and fish vertebrae) are usually broken off and abraded down to their base. 

The largest vertebrate bioclasts occur within 10 cm of the basal surface. No vertebrate 

elements are articulated or associated. Rare sinuous surficial borings with a U-shaped 

cross section occur on some bones. Bones and teeth are typically black, and often exhibit 

blackened, indurated phosphatized interstitial matrix (Stage 2A phosphatization) . 

Phosphatic overgrowths and adhering nodules occasionally occur on some bones. In 

some cases, some nodules only exhibit a few protruding portions of the skeletal element 

(Stage 2C phosphatization). Vertebrate bioclasts range in size from very small 

elasmobranch teeth and fish bones (<5 mm) to medium sized bones and bone fragments 

(10-15 cm). 

 

Bonebed 6 

 

 

Description 

 

 This bonebed (Figure 12F, 13F) is a complex phosphate-pebble and bone rich 

cemented hardground located near the top of section 3 (Figure 7), and marks a change 
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between the Hummocky Cross-Stratified Sandstone lithofacies below and Massive 

Sandstone lithofacies above. Bonebed 6 includes three erosional surfaces within, and the 

cemented portion of this bonebed was subdivided into four units, Layers A-D, by Friede 

(1987). Field examination of this bonebed recognized the same units, although while 

Friede (1987) used diagenetic boundaries (i.e. the margins of the cemented zone), this 

study recognizes four units based on surfaces preserved within. All three surfaces are 

preserved within the B-interval, and the B-interval includes the top of Friede's (1987) 

Layer A, Layer B and C, and the bottom of Layer D; for simplicity, these are hereafter 

labeled subintervals B0, B1, B2, and B3 (respectively). The cemented portion of Bonebed 

6 is generally 20-30 cm thick, and localized concretionary tongues may protrude up to 

30cm above or below. These tongues typically form above or below baleen whale skulls 

or skeletons preserved in subinterval B2. Bonebed debris extends for 30-70 cm above the 

middle of the bonebed, and 50cm below. Within 1-2 m below Bonebed 6, abundant 

Ophiomorpha burrows occurring within hummocky cross-stratified sandstone and other 

burrows infilled with bonebed debris. In total, the bonebed (intervals A-Γ) are roughly 2 

m thick. 

 The matrix of Bonebed 6 is a fine-medium grained sandstone with abundant 

glauconite grains. Phosphatic pebbles are the most abundant coarse clasts, cobble-size 

phosphate nodules are less common; the non-bioclastic component of Bonebed 6 

corresponds to the Massive Pebble Sandstone lithofacies. Terrigenous clasts are rare. 

Bones, bone fragments and pebbles, vertebrate teeth, and calcified cartilage are less 

common than phosphate clasts. While calcareous mollusk shells are abundant in 

subintervals B0 - B1, calcareous skeletal material occurs only rarely within subinterval B2 
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and does not occur in subinterval B3. In subinterval B0, mollusk shells often exhibit 

phosphatized internal and external molds, whereas in subinterval B2 and B3, many 

phosphate clasts are steinkerns and external molds. Some nodules include dissolved 

molds of disarticulated, imbricated, and nested bivalve shells. Rare phosphatic nodules 

exhibit flask-shaped pholad clam borings (Gastrochaenolites) and narrower, 

subcylindrical borings (Trypanites). Within 50-70 cm of the top of the A-interval, 

hummocky cross-stratified sandstone gives way to massively bedded sandstone that 

exhibits extensive burrow mottling. The sandstone within and above Bonebed 6 is 

massively bedded, and is pervasively bioturbated.  

 The A-interval includes hummocky-cross stratified sandstone with bonebed 

debris-infilled Ophiomorpha burrows at its base that transitions to massively bedded, 

bioturbated, matrix-supported bonebed conglomerate at the top. Bonebed debris (mollusk 

shells, phosphate pebbles, and crustacean and vertebrate skeletal elements) increases in 

abundance in the upper 10-20 cm (which marks the base of the B-interval). subinterval B0 

is truncated by a generally planar (but wavy on the centimeter scale) erosional surface. 

 Subinterval B1 is 3-5 cm thick, and is a medium-grained bioclastic sandstone that 

includes abundant densely packed, imbricated (and often nested) mollusk shells. 

Phosphatic material (nodules, crustacean and vertebrate skeletal elements) is rare. This 

occurs in lenses, and is in turn truncated by an erosional surface, which in many places 

has eroded completely through subinterval B1 and down into subinterval B0, owing to the 

patchy, discontinuous nature of subinterval B1. 

 Subinterval B2 is 10-20 cm thick bioclastic sandstone and contains abundant 

mollusk shells which are densely-loosely packed. Vertebrate remains are well preserved, 
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and include articulated (and associated) cetacean skeletons. Molluscan shells decrease in 

abundance towards the top, and mantle the lower erosional surface. Calcareous material 

can locally be rare or non-existent. Phosphatic nodules are slightly more common here 

than in subinterval B1. This unit is also truncated by a sharp erosional surface (the lower 

contact of subinterval B3), which has 20-30 cm of relief. Subinterval B2 is typically about 

10cm thick, but in some cases large bones protrude more than 10 cm above the base of 

subinterval B3. Abundant pholad clam borings (Gastrochaenolites; 1-3cm deep) extend 

down into this surface. This surface is blackened and phosphatized. 

 Subinterval B3 is a 50-70 cm thick massively bedded sandstone with abundant 

phosphatic material. Calcareous material is completely absent from this interval. The 

majority of clasts and bioclasts are in the pebble size range. Bonebed debris (phosphate 

nodules, bone fragments, teeth) mantles the lower surface, and decreases in 

abundance/density upwards through the Γ-interval. Bonebed 6 can be traced laterally for 

1.1 km; blocks of this bonebed occur as boulders in Pleistocene terrace deposits 2.5 km 

further to the southwest, suggesting nearly 4 km of exposure. 

 

Vertebrate Preservation 

 

 Vertebrate skeletal material abundantly occurs within subinterval B0, and B2-B3. 

Marine mammal bones, bone fragments, and bone pebbles are the most abundant 

vertebrate elements. Fish bones are slightly less common, and shark teeth, calcified shark 

cartilage, and bird bones are the most rare elements. Basking shark gill rakers occur 

commonly. Marine mammal skeletons occur within subinterval B2. Bones and teeth 

frequently exhibit abrasion Stage 1-2, and are most bone pebbles. Many bones are 
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fragmented, and bone shards are very common. Most bones in subintervals B0 and B3 are 

completely blackened and phosphatized, occasionally with adhering phosphatic matrix 

(Stage 2A-C); bones in subinterval B2 are occasionally phosphatized (Stage 1-2A) and 

bone surfaces near the upper erosional surface show a phosphatized interval (Stage 1A). 

Abundant articulated and associated skeletons (Articulation stages 0-3) occur within 

subinterval B2. Within subintervals B0 and B3, vertebrate skeletal elements are typically 

under 10 cm in greatest dimension (either as nearly complete elements or fragments 

thereof), and range in size down to small (<5 mm) shark, pinniped, and cetacean teeth 

and Cetorhinus gill rakers. Within subinterval B2, complete, articulated mysticete 

skeletons over 5 m in length, and individual elements (skulls, dentaries) up to 2.5 m in 

length are present. 

 

Discussion 

 

 Bonebeds preserved within the Purisima Formation vary in terms of their physical 

characteristics, but in general share certain consistent features. These include a 

concentration of coarse material (phosphatic clasts, vertebrate skeletal elements, 

invertebrate skeletal material, terrigenous clasts), that extend laterally over several 

kilometers, and exhibit a gradational upper contact. In addition, these bonebeds mark the 

only substantial concentrations of terrigenous pebbles and cobbles within the Santa Cruz 

section of the Purisima Formation. These bonebeds vary in terms of other characteristics, 

which include their composition (i.e. mollusk-rich, phosphate rich, or terrigenous clast-

rich), the nature of the lower contact and A-interval (i.e. a sharp or gradational), bioclast 

content of the A-interval, and types of trace fossils immediately underlying the bed.  
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 Several bonebeds (Bonebeds 1, 5 and 6) include one or more sharp contacts below 

or within the bed that clearly indicate a period of erosion and negative net sedimentation 

(Figures 13). Where present, these surfaces are directly mantled with the largest and most 

densely packed bonebed debris. However, while the rest of the bonebeds (Bonebeds 2, 3,  

4) lack a preserved erosional surface (Figures 13B-D), all bonebeds contain material 

exhumed from underlying strata. In the case of Bonebed 1, this includes extraformational 

clasts of the Santa Cruz Mudstone; Bonebeds 2-6 (Figure 12, 13) contain phosphatic 

nodules and vertebrate, crustacean, and mollusk bioclasts with adhering phosphatic 

matrix or nodular overgrowths. Phosphatic nodules form below the sediment-water 

interface (Follmi, 1996), and unequivocally indicate erosion, exhumation, and 

incorporation into the bonebed assemblage, despite the lack of a clearly preserved 

erosional surface.  

 With the exception of Bonebed 3, all bonebeds are associated with deep trace 

fossils infilled with bonebed debris. In most cases the bioclastic fissure-fill in these 

burrows (or borings) extends up to one meter below the B-interval (e.g. Bonebed 1, 4, 5). 

However, in Bonebeds 2 and 6, some of this material was observed over 2 m below the 

B-interval, and in rare cases, up to 2.5 m below. While many of these occurrences occur 

within well-defined Ophiomorpha traces, many occur as vertical to oblique, clast-

supported subcylindrical pods of bonebed debris that "float" in massive sandstone 

without any confining trace fossil structure. Bonebed 5 is the only bonebed lacking 

Ophiomorpha traces—instead, very large Gastrochaenolites borings are infilled with 

bonebed debris. The presence of pholad clam boring traces (Gastrochaenolites, 

Trypanites) indicates relatively high-energy conditions during some part of bonebed 
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formation (Ekdale et al., 1984). The occurrence of Gastrochaenolites in the erosional 

surfaces of Bonebeds 1, 5, and 6 indicate that at some period of the depositional hiatus, 

the seafloor was partially lithified (a hardground in the case of Bonebeds 5 and 6, and a 

rockground in the case of Bonebed 1).  

 Vertebrate fossils in these bonebeds vary in their taphonomic characteristics 

(Figure 14), but often show high frequencies of fragmentation, abrasion, and 

phosphatization. Bonebed 1, for instance, shows a high frequency of fragmented 

vertebrate skeletal elements, and very few abraded ones. Bonebed 3 is unusual in that it 

consists primarily of unabraded, unfragmented, and unphosphatized bones and teeth. 

Vertebrate remains in Bonebed 4 are typically lightly abraded, lightly phosphatized, and 

occasionally fragmented. Bonebeds 2, 5, and 6 exhibit abundant bone fragments, abraded 

bones and bone pebbles, and a majority of the bones are phosphatized. With the 

exception of Bonebed 1, fragmented bones tend to occur with phosphatized and abraded 

bones, as well as abundant phosphatic nodules. Most cases of fractured elements are 

probably due to early diagenetic weakening of bone (during a period of initial burial prior 

to exhumation and secondary burial), allowing it to fracture longitudinally and 

transversely upon exhumation.  

 Four bonebeds (Bonebeds 1, 3, 4 and 6) include articulated and associated 

skeletons. Bonebed 1 exhibits articulated and associated skeletons somewhat above the 

bonebed in the Γ-interval, while Bonebeds 3, 4, and 6 exhibit skeletons within the B-

interval of the bonebed. However, in the case of Bonebed 6, skeletons only occur within 

subinterval B2; within this unit, skeletons appear above a basal lag, similar to the pattern 

in Bonebed 1. Bonebeds 3 and 4, which preserve skeletons within the B-interval, both 
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consist predominantly of mollusk bioclasts. The occurrence of skeletons above the B-

interval is very similar to that reported by Pyenson et al. (2009) for the Sharktooth Hill 

Bonebed, who interpreted preservation of skeletons above the bonebed (=B-interval) as 

resulting from an increase in sedimentation rate after the depositional hiatus which first 

formed the bonebed. The articulated skeletons in Bonebeds 1 and 6 can be interpreted in 

this manner as well. However, in Bonebed 6, the erosional surface at the base of 

subinterval B3 has eroded into the upper surface of bones of articulated skeletons 

preserved within subinterval B2 (Figure 13F), suggesting a return from positive 

sedimentation (depositing subinterval B2) to negative net sedimentation (eroding the 

B2/B3 surface). The decrease in bonebed debris above the B2/B3 surface indicates an 

increasing sedimentation rate. The higher mollusk bioclast content of Bonebeds 3 and 4 

suggests that the time of their formation was not characterized by periods of 

phosphogenesis that resulted in the preferential dissolution of calcium carbonate 

bioclasts, such as Bonebeds 2, 5, and 6. Although Bonebed 4 clearly does contain 

abundant phosphatic debris, the abundance of mollusk bioclasts indicates that conditions 

sufficient for chemical lag formation were not present. The potentially shorter 

depositional hiatus that these concentrations formed during may have been sufficiently 

brief in order to prevent the dissociation of some vertebrate skeletons. 

 Paleomagnetic studies and diatom floras indicate the occurrence of several 

hiatuses within the Purisima Formation. Coincidentally, these hiatuses coincide with 

Bonebeds 1, 4, and 6. The hiatus at Bonebed 1 is 0.7-0.5 Ma, based on diatom floras 

(Barron, 1986; Aiello et al., 2001). Bonebed 6 records a depositional hiatus of roughly 1 

Ma, from 4.5 to 3.5 Ma (Madrid et al., 1986). Although probably not of equal duration, 
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FIGURE 14. Typical vertebrate specimens from Purisima Formation bonebeds. A – large 

fragment of calcified basking shark vertebra; B – sperm whale tooth; C – baleen whale 

tympanic bulla; D – cow shark tooth; E – gr eat white shark tooth; F – porpoise periotic; 

G – odontocete vertebra;  H – fur seal vertebra; I – walrus calcaneum; J – walrus tooth; 

K-N – indeterminate mammal bone fragments. Variation in preservation is evident, and 

includes unfragmented specimens (F), heavily phosphatized specimens (C, G, H, L, N-

O), abraded specimens (M), and unabraded specimens (D, E). 
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Bonebed 4 corresponds to a paleomagnetic reversal (Powell et al., 2007); this hiatus was 

apparently long enough to record the position of the reversal within the stratigraphic 

column. These paleomagnetic data indicate that some of these assemblages are strongly 

time averaged. Although these data are not available for other bonebeds, other evidence 

for time averaging abounds. Bonebeds (with the exception of Bonebed 3) include 

vertebrate skeletal material with a wide variety of taphonomic characteristics, suggesting 

some degree of mixing. For example, the co-occurrence of abraded phosphatized bone 

pebbles and pristine bones within Bonebeds 2, 4, and 6 indicate mixing of exhumed 

prefossilized material with taphonomically 'younger' material that had not yet been 

subjected to exposure, abrasion, burial, exhumation, and fragmentation. As mentioned 

above, the adhering phosphatic matrix of many bioclasts, phosphatized bones, and 

phosphatic nodules indicate a significant component of some bonebeds has been 

exhumed from underlying strata. Additional evidence of long-term exposure of the 

seafloor during depositional hiatuses (or after an erosional event) includes the extensive 

bivalve borings in certain bonebeds, and the hardground formation within Bonebed 6. In 

the case of Bonebed 1, several features suggest that the Santa Cruz Mudstone was already 

lithified during the formation of Bonebed 1, indicating it was a marine hardground. For 

example, abundant bivalve borings occur in the Santa Cruz Mudstone along the basal 

unconformity of the Purisima Formation, and clasts of the Santa Cruz Mudstone within 

Bonebed 1 frequently exhibit conchoidal fracture in addition to pholad clam borings. 

Structural features of the Santa Cruz Mudstone at this locality also suggest it was lithified 

and deformed prior to deposition of the Purisima Formation (Aiello et al., 2001).  

Furthermore, several bonebeds (Bonebeds 1, 5, and 6) include glauconitic grains within 
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the sandy matrix, which is known to form during periods of low net sedimentation 

(Cloud, 1955). 

 Most of the bonebeds studied within the Santa Cruz section of the Purisima 

Formation are associated with vertical facies offsets. Offsets either occur at the bonebed 

surface itself (Bonebed 1, Bonebed 5, Bonebed 6) or within one meter above the bonebed 

(Bonebed 2, Bonebed 3). Bonebed 1 is the unconformable contact with the Purisima 

Formation and the underlying Santa Cruz Mudstone, and represents an abrupt shallowing 

transition from offshore deposition to transition zone deposition, or a basinward shift in 

facies (see DEPOSITIONAL HISTORY). Bonebeds 2-6 all represent the opposite trend: 

they all represent a shoreward shift in facies, or a relative deepening. For example, 

massive mudrock underlies and overlies Bonebed 2, and a transition to laminated 

diatomite occurs one meter above, a transition from shallow offshore to deeper offshore 

sedimentation. Bonebeds 3, 5, and 6 all record a change from hummocky cross stratified 

sandstone to massive sandstone, representing a transition from shoreface to transition 

zone sedimentation. Bonebeds 2-6 all represent examples of transgressive erosional 

surfaces such as in the sequence stratigraphic model (Van Wagoner et al., 1990). As 

opposed to the specific transgressive surface of erosion that occurs within a depositional 

sequence and marks the boundary between the lowstand systems tract and the 

transgressive systems tract (Van Wagoner et al., 1990), these bonebeds all coincide with 

parasequence boundaries (also known as marine flooding surfaces). The transgressive 

surface of erosion forms at the beginning of a transgression; during this period, rivers 

back up, and sediment is temporarily trapped in estuaries (Van Wagoner et al., 1990). 

The decrease in clastic input allows all the high energy erosional events (e.g. storm 
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erosion and reworking) to erode the seafloor, resulting in a lag concentration. Although 

not expressly associated with a transgressive surface of erosion sensu stricto, the 

transgressive lag model applies to Purisima Formation bonebeds at marine flooding 

sequences as these still represent relative (albeit minor) transgressions. Many marine 

bonebeds have previously been interpreted as transgressive lags (Trueman and Benton, 

1997; Becker et al., 1998; Schröder-Adams et al., 2001; Brett et al., 2003; Tapanila et al., 

2008; Peters et al., 2009; Pyenson et al., 2009). Marine bonebeds are known to have other 

modes of formation (Reif, 1982; Rogers and Kidwell, 2008); Bonebed 1 is suggestive of 

a lag forming by a regression, as outlined by Reif (1982). 
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CHAPTER 7 

 

  

COMPARATIVE TAPHONOMY 

 

 

Comparisons within Lithofacies 

 

 

Massive Pebbly Sandstone and Mudrock 

 

 Vertebrate skeletal material is extremely abundant within this lithofacies, which is 

represented by Bonebeds 1, 4, 5, and 6. The highest taxonomic diversity occurs within 

this lithofacies, in addition to the highest variation in taphonomic condition. While bird 

fossils are numerically well represented within museum collections (N=166), this is 

likely due to systematic prospecting of Bonebed 4 for bird fossils by prolific collector S. 

Jarocki (Pers. comm. 2009). In contrast, field examination indicates that cetacean 

postcranial elements and indeterminate mammalian bones are the most frequently 

encountered vertebrate skeletal elements represented within this facies. Bird bones, shark 

teeth, fish bones, and pinniped bones are much less abundant. Pinniped teeth and 

calcified chondrichthyan cartilage are rarer still. Sirenian bones are rare within the 

collected sample and only known from Bonebeds 1 and 2. Field examination indicates 

that sirenian rib fragments are relatively abundant, and under sampled. Fragmentation of 

skeletal elements is common (Figure 15); the highest rate belongs to sirenian and 

osteichthyan bones (71-61%, respectively), and a relatively high frequency of 

fragmentation (46-53%) occurs in mysticete, odontocete, and pinniped elements. Slightly  

lower rates of fragmentation (33%) occur within chondrichthyans. Intriguingly, bird 
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FIGURE 15. Frequency of fragmentation across lithofacies. Vertical axis denotes 

percentage  of specimens, and lithofacies are plotted along the x axis. 

 

bones seem to be the least fragmented (23%) within this facies, which is unexpected 

given the fragile structure of bird bones. However, this may result from collecting bias 

(i.e. incomplete bird bones were not collected or not donated). Vertebrate skeletal 

elements are also frequently abraded within this lithofacies; mysticete and indeterminate 

mammal bones show the highest rates of abrasion, while odontocetes, osteichthyans, and 

pinnipeds have a relatively fewer elements exhibiting Stage 1-2 abrasion. Bird bones 

show much less abrasion than these taxa, and chondrichthyan elements are the least 

abraded overall (Figure 16).  

 A variety of phosphatization occurs within this lithofacies; similar to other 

lithofacies, stage 0A (no mineralization of bone or adhering phosphatic matrix) is the 

most abundant. Stage 2A (phosphatized bone mineral, but no adhering phosphatic matrix) 

and Stage 2C (phosphatized bone mineral and large adhering phosphatic nodules) are the  
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FIGURE 16. Frequency of abrasion across lithofacies. Vertical axis denotes percentage 

of specimens, and lithofacies are plotted along x axis. 

 

most commonly encountered stages of phosphatized bones (Figure 17). Intermediate 

stages of nodule development (i.e. Stage 0-2B) appear to be rare; intermediate phosphatic 

mineralization of bone (Stage 1A-C; Figure 5) is also rare in general. Vertebrae, teeth, 

bone fragments, humeri, phalanges, partial skulls, and skull fragments commonly occur 

within this lithofacies. In general, elements rarely exhibit polish (25%; Figure 18), 

although elements are more frequently polished in this lithofacies than others (85% of all 

polished elements are from this lithofacies). Few fossils are articulated or associated 

within this lithofacies (Figure 19), and the majority of the articulated specimens occur 

within subinterval B2 of Bonebed 6, or within phosphate nodules that formed around part 

of an articulated skeleton prior to reworking. Additionally, many specimens (most often 

pinniped bones, and occasionally cetacean bones) within Bonebed 2 exhibit a mosaic 

pattern of surface cracking.  
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FIGURE 17. Frequency of phosphatization across lithofacies. 0A represents 

unphosphatized skeletal elements. 

 

 

Hummocky Cross-Stratified Sandstone 

 

 Vertebrate skeletal material occurs occasionally within this lithofacies. Most often 

marine mammal bones occur within mollusk shell concentrations that mantle the lower 

bounding surface of individual beds of hummocky cross-stratified sandstone. Cetacean 

postcranial bones are most frequently encountered, and larger specimens (odontocete 

skulls, mysticete vertebrae) occasionally exhibit a zone of cemented (calcium carbonate) 

sediment around the bone. Although the majority of these bones are dark brown or gray 

in color, they rarely exhibit the blackened color typical of phosphatized bones. The  

majority of bones from this lithofacies (82%) are unabraded or lightly abraded (Abrasion 

Stage 0-1), and a few exhibit Stage 2 (Figure 16). Vertebrate skeletal elements are rarely 
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FIGURE 18. Frequency of polish across lithofacies. Vertical axis denotes percentage of 

specimens. 

 

fragmented (Figure 15). Mammal teeth, chondrichthyan teeth, bird bones, and pinniped 

bones are rare in this lithofacies. Cetacean crania, when present, are missing one or both 

tympanoperiotics (Mysticeti and Odontoceti) or are missing some ventral elements 

(pterygoids in odontocetes). Isolated rostral bones of mysticetes and odontocetes are 

more abundant than more complete crania. Odontocete skulls and jaws rarely retain teeth. 

Most cetacean crania exhibit abraded holes in the thinnest walls of the braincase. 

Associated remains are rare, and consist of only one specimen (two associated odontocete 

vertebrae). 

 

Massive Sandstone 

 

 Vertebrate fossils typically occur in laterally extensive shell beds or pavements 

within this lithofacies, occasionally with gradational upper and lower contacts. Samples 

from this facies include fossil material from Bonebed 3. Odontocete postcranial elements 
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FIGURE 19. Abundance of articulated and associated marine vertebrate remains across 

lithofacies in the Purisima Formation. 
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FIGURE 20. Typical preservation of shark teeth in various lithofacies of the Purisima 

Formation. A – Massive Sandstone lithofacies; B – Massive Pebbly Mudrock lithofacies; 

C – Massive Pebbly Sandstone lithofacies, and D – Massive Mudrock lithofacies. Note 

the variation in phosphatization, fragmentation, and abrasion within specimens from the 

Massive Pebbly Sandstone and Massive Pebbly Mudrock lithofacies, relative to pristine 

specimens  from the Massive Sandstone and Massive Mudrock lithofacies.  

 

are most abundant, and a few specimens of pinnipeds, mysticetes, and birds are 

represented. Shark and fish remains are rare. Elements are occasionally fragmented 

(30%; Figure 15). Light abrasion is common on cetacean elements; most mysticete 

elements exhibit abrasion Stage 1 or 2, and 62% of odontocete bones exhibits Stage 1 or 

2 abrasion. Curiously, bird bones, pinniped bones, and chondrichthyan elements rarely 

exhibit abrasion (Figure 16). Phosphatization is rare; a few specimens (10%) exhibit  

adhering phosphatic matrix and phosphatization of the bone (16%; Figure 17). Polished 

elements are rare (N=5; Figure 18). Cetacean skeletal material (primarily odontocete 
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bones) exhibit all of the modifications preserved in elements from this lithofacies. 

Several associated and articulated specimens are known from this lithofacies, including 

RWB 22, a partially articulated fur seal skeleton, an associated fur seal radius and 

humerus, and two associated bird specimens; this lithofacies has a higher proportion of 

articulated and associated remains than others (Figure 19). 

 

Massive Mudrock 

 

 Vertebrate elements occur within shell-rich beds and pavements, or are isolated. 

Cetacean postcranial elements are the most abundant vertebrate elements, and other taxa 

are less well represented. Bones from this lithofacies are occasionally abraded (42% 

Stage 1 or 2; Figure 16) and fragmented (32%; Figure 15). Light phosphatization of 

elements is common (43% stage 0A, 32% stage 1A; Figure 17). Several articulated 

specimens have been recovered from this facies – including a partial articulated forelimb 

(humerus, radius, and ulna) of a mysticete, and a partial articulated odontocete skeleton 

(dentaries, hyoids, cervical vertebrae, thoracic vertebrae, and ribs); all other specimens 

are isolated. Along with the Massive Sandstone Lithofacies, this lithofacies has a higher 

proportion of articulated and associated remains than other lithofacies (Figure 19). 

Polished elements are rare (17%; Figure 18). 

 

Laminated Diatomite 

 

 Bones are very rare in this lithofacies in the field, and include odontocete bones, a 

shark tooth, a bird bone, and a pinniped bone. All of these elements lack evidence of 

abrasion, fragmentation, bioerosion, phosphatization, and occur as isolated elements 

(Figures 15-19). In the early 1990’s F.A. Perry (SCMNH) discovered a partial articulated 
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whale skeleton with preserved baleen in this lithofacies, along with associated 

chemoautotrophic mollusks typical of modern and fossil whale falls (F.A. Perry, pers. 

comm., 2007).  

Taxonomic Comparisons Across Lithofacies 

 

 

Chondrichthyes 

 

 Teeth of Carcharodon (Bonebeds 3-6), Cosmopolitodus hastalis (Bonebeds 1 and 

2 only), Hexanchus, and Myliobatis are the most frequently preserved chondrichthyan 

elements. However, non-tooth fossils include several calcified lamniform vertebrae, 

mandibular and palatoquadrate cartilages of Raja cf. binoculata, and gill raker fragments 

of the basking shark Cetorhinus maximus. Chondrichthyan elements (Figure 20) are 

almost nearly exclusively (86% of the available sample) preserved in the Massive Pebbly 

Sandstone lithofacies (Table 1). While it is possible that this is in part due to collecting 

bias (e.g. more attention is paid to bonebeds rather than to surrounding sediments), field 

experience indicates that this is accurate, and teeth are extremely rare in non-bonebed 

sediments. 

 Bone modifications are rare, and primarily occur in the Massive Pebbly Sandstone 

lithofacies (Figures 15-18). Fragmentation is most common within this facies, and occurs 

in 35% of chondrichthyan elements. Chondrichthyan remains are typically isolated; 

however, one set of articulated shark vertebrae and three associated Cosmopolitodus 

hastalis teeth were collected from the Massive Sandstone lithofacies, 1 m above Bonebed 

1. Chondrichthyan remains primarily exhibit abrasion within the Massive Pebbly  
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FIGURE 21. Comparison of fragmentation between marine vertebrate specimens from all 

lithofacies in the Purisima Formation sample. Vertical axis percentage number of 

specimens. 

 

 

Sandstone lithofacies, and 33% of elements exhibit Stage 1 or 2 abrasion. Additionally, 

chondrichthyan remains are only phosphatized (31% of specimens with Stage 1A or 2A) 

within the Massive Pebbly Sandstone lithofacies. Interestingly, only two specimens (a 

fragment of a Cetorhinus vertebra, and a Raja cf. binoculata palatoquadrate cartilage) 

exhibit adhering phosphatic matrix; only calcified cartilage and vertebrae exhibit 

adhering matrix, which is lacking on all teeth. Polish only occurs on a few 

chondrichthyan elements, all from bonebeds. 

 

Osteichthyes 

 

 Bony fish remains are concentrated within the Massive Pebbly Sandstone 

lithofacies, and occasionally occur within shell concentrations in the Hummocky Cross-

Stratified Sandstone lithofacies. The most common osteichthyan elements are vertebrae 

of the flounder Paralichthys. Nearly one-half (43%) of fish bones are fragmented (Figure  
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FIGURE 22. Comparison of abrasion between marine vertebrate specimens from all 

lithofacies in the Purisima Formation sample. Vertical axis denotes number of specimens. 

 

 

21). No examples of articulated or associated fish remains have been recorded from the 

Purisima Formation. A large proportion of fish elements are abraded, exhibiting Stage 1 

(35%) or Stage 2 (21%) abrasion (Figure 22). When fish bones are phosphatized, there is 

little intermediate bone phosphatization and they are always at least Stage 2 (67%). 

Nearly half of all fish bones exhibit adhering phosphatic matrix (44% Stage 2B or 2C; 

Figure 23) and 31% of fish specimens exhibit polish (Figure 24). 

 

Aves 

 

 A large sample of bird elements (Figure 25) are represented within the Purisima 

Formation, primarily within the Massive Pebbly Sandstone lithofacies (85% of the 

available sample; Table 1). As mentioned above, this is likely due to collecting bias 

which focused on collecting bird bones from Bonebed 4; bird bones from this horizon 

account for 72% of the entire sample. Fragmentation is most frequent in bones from the  
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FIGURE 23. Comparison of phosphatization between marine vertebrate specimens from 

all lithofacies in the Purisima Formation sample.  

 

 

Massive Pebbly Sandstone lithofacies, although it occurs (albeit less frequently) in the 

Hummocky Cross-Stratified and Massive Sandstone lithofacies as well. The few Massive 

Pebbly Sandstone lithofacies, although it occurs (albeit less frequently) in the Hummocky 

Cross-Stratified and Massive Sandstone lithofacies as well. The few examples (N=3) of 

associated postcranial bird bones are from the Massive Sandstone and Massive Mudrock 

lithofacies. Bird bones are rarely abraded in facies other than the Massive Pebbly 

Sandstone lithofacies (Figure 16), and within this facies abraded bones (Stage 1 and 2) 

account for 38% of the sample. Phosphatization primarily occurs in bird  

bones from the Massive Pebbly Sandstone lithofacies. Bird bones rarely exhibit 
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intermediate patterns of bone phosphatization, and few specimens exhibit adhering 

phosphatic matrix (Figure 23). Polish was rare on bird bones (6%). 

 

Terrestrial Mammals 

 

 Few terrestrial mammal elements are known in the Purisima Formation sample. 

These include a horse (Equidae) molar fragment, a beaver (Castoridae) molar, and a 

single camelid astragalus. These elements occur exclusively within bonebeds (Bonebeds 

4-6). The tooth fragments are heavily phosphatized (Stage 2A), fragmented, and abraded 

(Stage 1-2). The astragalus, on the other hand, is unabraded, unphosphatized, and 

unfragmented. 

 

Pinnipedia 

 

 A modest assemblage (N=92) of pinniped elements have been collected from the 

Purisima Formation, primarily from the Massive Pebbly Sandstone lithofacies. Pinniped 

bones are primarily fragmented within the Massive Pebbly Sandstone lithofacies, where 

46% of bones are fragmented. A few articulated (N=2) and associated (N=3) specimens 

are known, and these are from the Massive Sandstone, Massive Mudrock, and Massive 

Pebbly Sandstone lithofacies. One specimen, a partial skeleton preserves both right and 

left humeri, radii, ulnae, and articulated posterior cervical, thoracic, and anterior lumbar 

vertebrae and ribcage. All elements are preserved within a large phosphatic nodule from 

Bonebed 4, presumably exhumed as a single clast from underlying sediment onto the 

bonebed surface (Figure 26D). Other specimens include a partially articulated fur seal 

skeleton (Thalassoleon cf. macnallyae), three partial disarticulated skeletons of the  
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FIGURE 24. Comparison of polish between marine vertebrate specimens from all 

lithofacies in the Purisima Formation sample. Vertical axis denotes percentage of 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 25. Typical preservation of bird bones in Purisima Formation lithofacies. A – 

Massive Pebbly Sandstone lithofacies; B – Massive Mudrock lithofacies; C – Laminated 

Diatomite lithofacies, and D – Massive Sandstone lithofacies. Note the phosphatized 

appearance, abrasion, and fragmentation in specimens from the Massive Pebbly 

Sandstone relative to the other lithofacies. The fragmented bones in C and D were 

fractured prior to collection and do not necessarily represent pre-burial fragmentation. 
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walrus Dusignathus santacruzensis, and some associated forelimb elements from the 

Massive Sandstone and Massive Mudrock lithofacies. Pinniped elements preserved in the  

Massive Pebbly Sandstone lithofacies are frequently abraded (55% Stage 1 or 2), and 

occasionally abraded in the Laminated Diatomite and Massive Mudrock lithofacies. The 

greatest variation in phosphatization of pinniped bones occurs within the Massive Pebbly 

Sandstone lithofacies; where phosphatized, bones are typically heavily phosphatized 

(Stage 2A-2C). Some bones in the Hummocky Cross-Stratified Sandstone and Massive 

Mudrock lithofacies exhibit minimal phosphatization of the bone. Pinniped bones and 

teeth only exhibit polish in the Massive Pebbly Sandstone and Massive Pebbly Mudrock 

lithofacies (50% of bones). Several pinniped elements exhibit tooth marks (Figure 27). 

One partial femur of a fur seal (Thalassoleon cf. macnallyae) exhibits parallel gouges that 

can be identified as shark tooth marks around the distal end of the femur (Figure 27A-B, 

F-H). Two bones (humerus and radius) exhibit circular puncture marks identified by 

Boessenecker and Perry (2011) as mammalian bite marks (Figure 27D-E). 

 

Odontoceti 

 

 Odontocetes (toothed whales; Figure 28) are abundantly preserved in the Purisima 

Formation (N=326). The majority of odontocete remains are postcranial bones of small-

bodied delphinoids and the “river dolphin” Parapontoporia; however, rare remains of 

belugas (Denebola), pilot whales (Globicephala), and sperm whales (“Scaldicetus”) also 

occur. Vertebrae are the most abundantly preserved odontocete elements, and humeri, 

earbones, and other disarticulated skull elements are somewhat less common. 

Fragmentation of odontocete skeletal material occurs in all lithofacies except the  
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FIGURE 26. Examples of articulated remains in the Purisima Formation. A – small 

mysticete skeleton, Bonebed 3; B – large mysticete skeleton, Bonebed 3; C – partial 

vertebral column of a medium sized mysticete, Hummocky Cross-Stratified Sandstone 

lithofacies; D – articulated fur seal skeleton in phosphatic nodule, Bonebed 4; E – 

articulated lumbar and caudal vertebrae of a large mysticete, Bonebed 6. Abbreviations: 

H – humerus; U – ulna; R – radius. 
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FIGURE 27. Biogenic bone modifications observed in the Purisima Formation sample. 

A-B – juvenile walrus radius (A) with faint linear gouges (B, red arrows). C – odontocete 

humerus with corroded gallery that eroded through entire element (red arrow). D-E – 

juvenile fur seal radius (D) and humerus (E) with circular tooth punctures (red arrows). 

F-H – juvenile fur seal femur (G) with linear gouges (F, H). I-J –odontocete phalanx (I) 

with linear gouge (J). 

 

 

Laminated Diatomite lithofacies (Figure 15), and fragmentation is most abundant in the 

Massive Pebbly Sandstone lithofacies. The majority of odontocete remains are 

disarticulated and dissociated, although some articulated and associated skeletons have 

been collected from multiple lithofacies. Numerous partially articulated and associated 

partial odontocete skeletons have been recovered or observed in the Massive Mudrock 

lithofacies. These include several skeletons from a horizon 50-100 cm above Bonebed 1 

(where associated mysticete and pinniped skeletons also occur) and a partial skeleton  
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FIGURE 28. Typical preservation of odontocete vertebrae in the Purisima Formation. A – 

Massive Mudrock lithofacies; B – Massive Sandstone lithofacies; C – Hummocky Cross-

Stratified Sandstone lithofacies; D – Laminated Diatomite lithofacies; E – Massive 

Pebbly Mudrock lithofacies; F – Massive Pebbly Sandstone lithofacies. Note the heavily 

abraded, highly phosphatized specimens from the Massive Pebbly Sandstone and 

Massive Pebbly Mudrock lithofacies as compared to better preserved specimens in the 

other lithofacies. 

 

 

further up section in massive diatomite. An articulated porpoise (Phocoenidae) skeleton 

lacking the posterior vertebral column (which had been eroded prior to discovery) is also 

known from the Massive Mudrock lithofacies below Bonebed 4. A single articulated 

vertebral column and ribcage of a small odontocete is known from the Massive 

Sandstone lithofacies below Bonebed 6.  

 Within the Hummocky Cross-Stratified Sandstone lithofacies, a pair of associated 

odontocete lumbar vertebrae have been collected. Two articulated vertebrae enclosed 

within a phosphatic nodule are the only articulated odontocete remains recovered from 

the Massive Pebbly Sandstone lithofacies. Odontocete remains are frequently abraded in 

all lithofacies except the Laminated Diatomite lithofacies. Within the Massive Pebbly 
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Sandstone, Hummocky Cross-Stratified Sandstone, and Massive Sandstone lithofacies, 

odontocete bones are frequently abraded (67% Stage 1-2 abrasion; Figure 16). 

Odontocete remains are rarely abraded within the Massive Mudrock lithofacies (28% 

Stage 1-2; N=8). The majority of variation in phosphatization of odontocete elements 

occurs within the Massive Pebbly Sandstone lithofacies (Figure 17). Heavy 

phosphatization of bone occurs predominantly within this lithofacies, although two Stage 

2C specimens were recorded from the Massive Sandstone lithofacies. Lightly 

phosphatized (Stage 1A-B) odontocete bones also occur within the Hummocky Cross-

Stratified Sandstone and Massive Mudrock lithofacies. Adhering phosphatic matrix and 

nodules occur primarily only in the Massive Pebbly Sandstone lithofacies, but a few 

specimens with adhering matrix occur in the Massive Sandstone (N=22) and Hummocky 

Cross-Stratified sandstone (N=1) lithofacies. 

 Additionally, three partial odontocete skulls occur within reworked phosphatic 

nodules. Polish occasionally occurs on odontocete elements (9-29% within sandstone 

lithofacies), and occurs in all sandstone lithofacies, but not in the Laminated Diatomite 

and rarely (N=1) in the Massive Mudrock lithofacies (Figure 18). Three odontocete 

elements (radius, cranium, and a phalanx) exhibit linear gouges interpreted as shark tooth 

bite marks (Figure 27I-J). An odontocete humerus bears a peculiar bioeroded gallery 

(Figure 27C), similar to that reported on human bones trawled from the seafloor (Sorg et 

al., 1997). 
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Mysticeti 

 

 Bones of mysticetes are highly conspicuous within the Purisima Formation. 

Although bones are frequently encountered in the field, fewer specimens are known than 

for odontocetes in the available sample (Table 1) because of their larger size and 

difficulty of excavation. Hundreds of bones and partial skeletons occur within cemented 

boulders of Bonebed 6 on the beach, and many are impossible to excavate. Within the 

Massive Pebbly Sandstone lithofacies, 52% of mysticete bones are fragmented. 

Fragmented mysticete bones also occur within the Hummocky Cross-Stratified Sandstone 

lithofacies; the Massive Sandstone and Mudrock lithofacies only preserve complete 

bones. The majority of mysticete bones are disarticulated and dissociated, although some 

partial skeletons are known. Several clusters of mysticete bones occur within 50-100 cm 

above Bonebed 1, within the Massive Mudrock lithofacies. Two partial articulated 

skeletons (both missing forelimbs, jaws, and crania) and a skull associated with some 

postcranial elements have been collected from a single bed within the Massive Sandstone 

lithofacies (Bonebed 3). A concretionary horizon within the Massive Sandstone 

lithofacies (type locality of the walrus Dusignathus santacruzensis) exhibits many large 

concretions in the field with articulated and disarticulated mysticete skeletons. As 

described above, subinterval B2 of Bonebed 6 includes dozens of disarticulated and 

articulated mysticete skeletons. Many of these may be complete; however, these 

skeletons are visible in large concretionary blocks of Bonebed 6, and only portions of 

these gigantic skeletons are preserved in any given block. Mysticete bones are frequently 

abraded (Figure 22), and most bones from the Massive Sandstone and Hummocky Cross-

Stratified Sandstone lithofacies exhibit Stage 1-2 abrasion. Mysticete bones within the 
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Massive Mudrock and Laminated Diatomite lithofacies are primarily unabraded. Within 

the Massive Pebbly Sandstone lithofacies, 74% of mysticete bones exhibit Stage 1-3 

abrasion, and 45% of these bones exhibit advanced abrasion (Stage 2-3). Phosphatization 

of mysticete bones only occurs within the Massive Pebbly Sandstone and Massive 

Sandstone lithofacies, and is much more abundant in the former. Although 48% of 

mysticete bones within the Massive Pebbly Sandstone lithofacies exhibit bone 

phosphatization (Stage 1-2), only 12% exhibit adhering phosphatic matrix (Stage XB-

XC). Polish is rare on mysticete bones (Figure 24), and only occurs on a few bones 

(23%), mostly from the Massive Pebbly Sandstone lithofacies. A single fragmentary 

dentary of a mysticete exhibits several parallel gouges, which are interpreted as shark 

tooth bite marks. 

 

Sirenia 

 

 Bones and teeth of sirenians (Dusisiren sp.) occur only within the Massive Pebbly 

Sandstone and Massive Pebbly Mudrock lithofacies, and are only known from Bonebeds 

1 and 2. Although very few specimens have been collected, sirenian postcranial bones 

and fragments are abundant within Bonebed 1, and improved sampling of this horizon 

should produce a larger sample size of Dusisiren material. Sirenian bones are 

pachyosteosclerotic and extremely dense. The majority of sirenian bones are fragmented 

(Figure 21), and many specimens exhibit conchoidal fracture, due to their density. 

 

Indeterminate Mammalia 

 

 In some cases it was not possible to identify certain mammal bones. In most of 

these cases the bones were too incomplete to identify, often represent abraded bone 
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pebbles and fragments. Some large fragments that lacked the distinctive 

pachyosteosclerotic histology of sirenian bones and were too large to belong to 

pinnipeds, terrestrial mammals, or odontocetes were able to be identified to Mysticeti (as 

opposed to Indeterminate Mammalia). With some fragments, distinction between 

pinniped and odontocete bone fragments is impossible. The indeterminate mammal 

category is thus preferentially composed of poorly preserved elements. Indeterminate 

mammal bone fragments and pebbles are abundant in the field, and their lack of 

abundance within museum collections can likely be explained by collection bias (e.g. 

avoiding collection of these elements due to their incompleteness). These specimens 

occur primarily within the Massive Pebbly Sandstone lithofacies, and a few bone 

fragments have been recovered from the Massive Sandstone lithofacies. Within the 

Massive Pebbly Sandstone lithofacies, 84% of these elements are fragmented. In many 

cases, the unfragmented specimens are too heavily abraded to see any surviving fracture 

surfaces, and were likely fragmented at some point prior to abrasion. These elements are 

almost always abraded (Figure 22), and within the Massive Pebbly Sandstone lithofacies, 

93% of these specimens are lightly or heavily abraded (Stage 1-3). These specimens are 

primarily phosphatized within bonebeds. Within the Massive Pebbly Sandstone 

lithofacies, however, a large proportion of these exhibit phosphatized bones (Stage 1-2A), 

and a few (9%) exhibit adhering phosphatic matrix. Many phosphatized fragments of 

indeterminate mammal bones exhibit polish (Figure 24). 
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CHAPTER 8 

 

 

TAPHOFACIES ANALYSIS 

 

 In order to elucidate taphonomic gradients within vertebrate assemblages within 

the Purisima Formation, four vertebrate taphofacies (Speyer and Brett, 1986; 1988) were 

defined (Table 4). A taphofacies is a body of sedimentary rock "which is distinguished 

from other vertically and laterally related bodies of rock on the basis of its particular suite 

of taphonomic properties" (Brett and Baird, 1988:227). In the case of the Purisima 

Formation, this taphofacies analysis utilizes variation in the preservation of vertebrate 

skeletal elements (e.g. not those of mollusks and crustaceans). No single taphonomic 

characteristic (e.g. abrasion) was found to define any single taphofacies (Table 4), and 

thus a combination of preservational features of vertebrate fossils were used to delineate 

these taphofacies. With the exception of the Bonebed Taphofacies, other taphofacies are 

numbered Taphofacies 1, 2 and 3. The lack of discrete boundaries for any given 

taphonomic characteristic highlight the gradational nature of marine vertebrate 

preservation in shelf environments. 

 

 Taphofacies 1 

 

 

Description 

 

 Vertebrate skeletal elements within this taphofacies exhibit a range of taphonomic 

modifications. Vertebrate material is never articulated, and a few specimens are  

occasionally associated. Specimens are occasionally fragmented and often abraded. 
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TABLE 4. Comparison of taphofacies characteristics. Abbreviations: ++ = abundant; + = 

moderate; - = rare; Mld = Laminated Diatomite lithofacies; Mm = Massive Mudrock 

lithofacies; Mpm = Massive Pebbly Mudrock lithofacies; Shc = Hummocky Cross-

Stratified Sandstone lithofacies; Sm = Massive Sandstone lithofacies; Spm = Massive 

Pebbly Sandstone lithofacies. 

Taphofacies 

Characteristics 

Taphofacies 1 Taphofacies 2 Taphofacies 3 Bonebed 

Taphofacies 

Articulation - + + - 

Abrasion + + - ++ 

Fragmentation + + - ++ 

Phosphatization ++ + - ++ 

Polish - - - ++ 

Bioclast 

abundance 

+ + - ++ 

Corresponding 

Lithofacies 

Shc Sm, Mm Mm, Mld Spm, Mpm  

Inferred 

Depositional 

Setting 

Shoreface Transition Zone Offshore Much of shelf 

surface during 

transgression 

 

Vertebrate skeletal elements within this taphofacies display a wider range of 

phosphatization than Taphofacies 2 and 3, and slightly more skeletal elements display 

phosphatization. Roughly one-third of these elements are phosphatized or exhibit 

adhering phosphatic matrix. Phosphatization is not as common as in the Bonebed 

taphofacies. Specimens preserved within this taphofacies rarely exhibit evidence of 

polish. Vertebrate skeletal elements most commonly occur within mollusk shell 

concentrations (shell beds 5-50 cm thick, and occasional pavements). Vertebrate skeletal 

elements occur more often within shell concentrations than in the bioclast-poor 

"background" sediment between bioclastic accumulations. This taphofacies occurs within 

the Hummocky Cross-Stratified Sandstone and Massive Sandstone lithofacies, and 

interfingers with Taphofacies 2. 

 



 94 

 

Interpretation 

 

 The distribution and taphonomic condition of fossil vertebrate elements preserved 

within this taphofacies indicates a higher energy environment than in Taphofacies 2 and 

3. Isolated vertebrate elements are most often concentrated in shell beds associated with 

erosional (or hiatal) surfaces. The abundance of vertebrate skeletal elements mantling 

erosional surfaces and occasional phosphatization (and adhering phosphatic matrix) 

indicates many of these bones have been exhumed from preexisting strata. This is 

corroborated by the abundance of phosphatic nodules and invertebrates with adhering 

phosphatic matrix in these beds. Bones and teeth devoid of taphonomic modification may 

represent skeletal input during minor hiatuses or material that has not yet undergone 

enough transport and burial/exhumation cycles to produce modification.  

 The higher degree of taphonomic modification in this taphofacies (relative to 

Taphofacies 2 and 3) due to higher energy conditions is interpreted as being related to 

shallower water environments. Due to the abundance of hummocky cross-stratified 

sandstone and thick shell beds, this taphofacies is representative of vertebrate skeletal 

material preserved within shoreface deposits, above storm weather wave base and in 

some cases above fair weather wave base. Frequent storm reworking is probably 

responsible for disarticulating and dissociating skeletons, and exhuming some vertebrate 

skeletal material from underlying strata (evidenced by occasional phosphatized 

elements). 
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Taphofacies 2 

 

 

Description 

 

 Vertebrate skeletal elements within this taphofacies are rarely modified. In 

general, fragmentation and abrasion do occur, but only characterize a minority of 

specimens. Phosphatization of bones is extremely rare; a few specimens which are lightly 

phosphatized and with adhering phosphatic matrix are known (Stage 1A, 0B, 2C). 

Evidence of polish is completely absent from this taphofacies. This taphofacies has the 

highest frequency of articulated and associated skeletons relative to other taphofacies, 

and isolated bones and teeth are abundant within this lithofacies. Mollusks and 

crustaceans occur infrequently, and mollusks are most commonly articulated in life 

position, occasionally in clusters (Norris, 1986). Stringers, pavements, and thin beds of 

mollusk shells occur within this lithofacies as well. In some cases, bones and teeth are 

concentrated within these mollusk shell pavements and thin beds; vertebrate skeletal 

material that exhibit rare cases of abrasion or fragmentation are confined to these thin 

mollusk shell concentrations. Vertebrate skeletal elements occur more frequently within 

these shell concentrations than in ‘background’ sediment. When encountered, crustaceans 

(predominantly thalassinidean shrimp, e.g. Calianassa) are enveloped in phosphatic 

nodules that ‘grade out’ into the surrounding sediment and appear to be in situ. Mollusks 

and clusters of mollusks are occasionally also enveloped in apparently in situ phosphatic 

nodules. Many nodules occur as in situ steinkerns of Ophiomorpha burrows, often 

preserving shrimp skeletons and fecal pellets. This taphofacies occurs within the Massive 
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Mudrock and Massive Sandstone lithofacies, and interfingers with the Taphofacies 1 and 

3. 

 

Interpretation 

 

 This taphofacies represents a combination of attritional accumulation of 

vertebrate hardparts and occasional concentration of skeletal material onto storm-

generated erosional surfaces. This taphofacies is deposited near and below storm weather 

wave base, within the Shoreface-Offshore transition zone. It bridges the transition from 

deeper low energy mud-dominated (Offshore) deposition resulting from suspension 

settling to sand deposition through storm-dominated (Shoreface) sedimentation. 

Vertebrate elements shed from drifting carcasses are likely responsible for the majority of 

isolated elements preserved 'floating' in mudrock, as low energy environments below 

storm weather wave base lack sediment transport processes capable of transporting and 

dissociating bones. As a result, this taphofacies exhibits the largest sample of articulated 

and associated skeletons, which remain relatively complete after arrival at the sediment-

water interface. Scavengers and bioturbators may cause some disarticulation seen in some 

specimens. Minor phosphatization shows that at least some elements were exhumed by 

storm erosion and redeposited by hyperpycnal flows, along with 'fresh' skeletal elements 

from the sediment-water interface. During deposition of the Massive Sandstone 

lithofacies, occasional storm currents concentrated some vertebrate skeletal material into 

laterally extensive shell beds and pavements. Shell beds and pavements occurring in 

massively bedded sandstone (primary sedimentary structures have been destroyed by 
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bioturbation in these beds) are likely distal storm-generated accumulations where 

disturbance was too infrequent to prohibit bioturbation (Norris, 1986). 

 

 

Taphofacies 3 

 

 

Description 

 

 Vertebrate skeletal elements within this taphofacies are extremely rare (relative to 

other taphofacies), distributed at random throughout the sediment, and rarely mantle 

surfaces. Vertebrate bones and teeth lack taphonomic modification or polish, are 

unabraded, complete, and unphosphatized. Bones and teeth are typically isolated, 

whereas at least two partially articulated skeletons are known, including a mysticete 

skeleton with preserved baleen and a chemosynthetic mollusk assemblage typical of 

whale falls (F.A. Perry, pers. comm., 2007). This taphofacies also characterizes the 

taphonomic condition of vertebrate skeletons and skeletal elements within the Santa Cruz 

Mudstone below Bonebed 1. Numerous articulated and disarticulated skeletons occur 

within the Santa Cruz Mudstone and are dispersed within the sediment and generally 

much rarer than in other taphofacies. Aside from the aforementioned molluscan 

assemblage, mollusks and crustaceans are absent from this taphofacies. This taphofacies 

interfingers with Taphofacies 2. 

 

Interpretation 

 

 This taphofacies represents the attritional accumulation of vertebrate skeletal 

material in distal, clay-rich environments. These vertebrate skeletons and elements occur 
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in mudrock and diatomite, which are deposited under low-energy offshore conditions via 

suspension settling of sediment. Taphofacies 3 corresponds with parts of the Massive 

Mudrock and Laminated Diatomite lithofacies. These conditions lack energy and 

sediment transport processes capable of transporting vertebrate elements or skeletons. 

Vertebrate skeletal material, therefore, has not been transported or reworked, and remains 

in the original site of deposition. Many isolated elements were probably shed from 

floating carcasses, while shark teeth may have been shed during feeding. 

 

Bonebed Taphofacies 

 

 

Description 

 

 As described above, taphonomically modified vertebrate skeletal concentrations 

occur in laterally extensive bonebeds that mark vertical changes in lithofacies. Vertebrate 

skeletal material from the Bonebed taphofacies exhibit the highest degree of taphonomic 

modification among all the taphofacies, including the highest frequency of fragmentation 

and abrasion. Additionally, vertebrate skeletal material from this taphofacies exhibits the 

highest degree of phosphatization and polish. In some cases, articulated and associated 

skeletons occur within bonebeds. A cluster of associated mysticete bones is present in 

Bonebed 4, and dozens of articulated skeletons are known from subinterval B2 of 

Bonebed 6. Additionally, a single cluster of odontocete vertebrae was observed in the 

field in subinterval B3 of Bonebed 6, and a cluster of sirenian bones representing a 

disarticulated skeleton occur within Bonebed 1. Most cases of polished skeletal elements 

occur within this taphofacies.  
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FIGURE 29. Hypothesized modes of bonebed formation. A) Initial deposit. B1) An 

erosional event (negative sedimentation) reworks bioclasts and other debris onto an 

erosional surface, and subsequently buried (B2), resulting in a lag bonebed or 

concentration. C1) A decrease in sedimentation rate results in a hiatal concentration 

without a clear erosional surface  and a return to 'normal' sedimentation buries the 

assemblage (C2), resulting in a hiatal bonebed or concentration. D1) A hybrid lag/hiatal 

concentration can be formed, with alternating periods of low sedimentation (D2)and 

erosion (D3)resulting in a hiatal concentration associated with an erosional lag (D4). 
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Interpretation 

 

 As described in detail above, bonebeds form from submarine erosion, a 

depositional hiatus, or a combination of the two (Figure 29). The abundance of 

phosphatic debris and phosphatized skeletal elements indicates periods of low net  

sedimentation that allowed conditions conducive for phosphogenesis, which is 

corroborated by the presence of glauconite in several bonebeds. Erosion, due to fair 

-weather waves and storm-weather waves, resulted in exhumation and redeposition of  

these 'prefossilized' and phosphatized vertebrate skeletal elements into the bonebed 

assemblage. Less phosphatized skeletal elements likely represent specimens that 

underwent slightly different early diagenetic conditions, such as a shorter time 

undergoing phosphogenesis. Polish appears to occur most often on heavily phosphatized 

(Stage 2) bones, supporting the notion that 'prefossilization' is a requirement for polish to 

occur (Rogers and Kidwell, 2000). Fragmentation is more abundant within this 

taphofacies; perhaps weaknesses form during early diagenesis in buried bones and 

subsequently result in fragmentation during exhumation and transport.  

 The occurrence of articulated and associated skeletons within this taphofacies is 

unexpected. A similar situation has been noticed by Pyenson et al. (2009) for marine 

mammal skeletons that occur within the uppermost part of the middle Miocene 

Sharktooth Hill Bonebed. In applying the skeletal concentration model of Kidwell 

(1985), they proposed that after the end of the depositional hiatus which caused the 

bonebed to form and sedimentation resumed, the increased sedimentation rate was 

sufficient to preserve complete skeletons (Pyenson et al., 2009). In the case of abundant 

skeletons in subinterval B2 of Bonebed 6, bioturbation destroyed any record of primary 
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sedimentary structures. However, these skeletons lie above the basal erosional surface 

and accompanying lag of bonebed debris, suggesting that an increase in sedimentation 

rate may have allowed preservation of partial and complete skeletons. Unlike the 

formation of the Sharktooth Hill Bonebed, a third cycle of erosion occurred and incised 

down into the upper portion of some of these skeletons, prior to deposition of subinterval 

B3. The occurrence of a phosphatic rind on the upper surface of subinterval B2 and the 

widespread occurrence of Gastrochaenolites indicate that subinterval B2 had already 

undergone hardground formation prior to deposition of subinterval B3 (Friede, 1987), 

potentially explaining why so few skeletons are reworked. Other partial skeletons 

(clusters of bones within Bonebed 1, Bonebed 4 and subinterval B3 of Bonebed 6) are 

probably the residual lag of a formerly more complete skeleton whose other parts have 

been transported elsewhere. The Bonebed taphofacies does not necessarily interfinger 

with other taphofacies, but appears to cross-cut them all and truncate other taphofacies. 
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CHAPTER 9 

 

 

DISCUSSION 

 

 

Onshore-Offshore Trends in Preservation 

 

 Utilizing the interpretive framework established above for various lithofacies and 

taphofacies, some onshore-offshore gradients in preservation are evident. Within the non-

bonebed lithofacies, the Hummocky Cross-Stratified Sandstone lithofacies is interpreted 

as the shallowest shelf deposit, being deposited both above storm weather wave base and 

fair weather wave base, and equivalent to shoreface deposition, and corresponds with 

Taphofacies 1. The Massive Sandstone lithofacies represents slightly deeper deposition 

within the transition zone, but also above storm weather wave base, and corresponding 

with Taphofacies 2 (which also includes portions of the Massive Mudrock lithofacies). 

The Massive Mudrock and Laminated Diatomite lithofacies represent offshore deposition 

below storm weather wave base, and primarily correspond to Taphofacies 3. The 

following discussion covers gradients in non-bonebed lithofacies, and then possible 

onshore-offshore gradients within the bonebed lithofacies/taphofacies. 

 Several trends in taphonomic conditions are evident among non-bonebed 

lithofacies. Vertebrate skeletal elements preserved in the Hummocky Cross Stratified 

lithofacies exhibit a slightly higher degree of taphonomic modification than those 

preserved within the Massive Mudrock and Laminated Diatomite lithofacies, whereas 

material preserved in the Massive Sandstone lithofacies display an intermediate 
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condition. Abrasion and fragmentation of vertebrate skeletal elements follow this pattern, 

due to a decrease in water energy in successively deeper environments. Outside of 

bonebed assemblages, abrasion is most frequent within the Hummocky Cross-Stratified 

Sandstone lithofacies. Above fair weather wave base, fair weather currents continually 

rework and transport sandy sediment along with vertebrate bioclasts. Below fair weather 

wave base, less frequent storm waves disturb, transport, and exhume vertebrate skeletal 

elements; as storm weather wave base is approached (preserved in the Massive Sandstone 

lithofacies), only the most powerful storms are able to disturb seafloor sediments. In 

deeper water, the frequency and magnitude of storm disturbance decreases, resulting in a 

decrease in abrasion. Abrasion results from prolonged interaction of a skeletal element 

with a moving substrate at the sediment-water interface and is highest during periods of 

erosion and sediment starvation. The amount and extent of abrasion within vertebrate 

assemblages is directly proportional to the magnitude and episodicity of current-related 

disturbances: the magnitude of current disturbance decreases in successively deeper 

environments while current episodicity increases, resulting in an offshore decrease in 

abrasion. In theory, oscillatory currents above fair weather wave base have the most 

potent ability for abrasion of vertebrate skeletal elements as they can indefinitely abrade a 

clast or bioclast in situ with zero net transport distance. Fragmentation characterizes 

approximately the same proportion of vertebrate skeletal elements in the Massive 

Sandstone lithofacies as in the Hummocky Cross-Stratified lithofacies. Fragmentation is 

less common in the Massive Mudrock and Laminated Diatomite lithofacies (Figure 15). 

As fragmentation is possibly caused by fracturing of brittle prefossilized skeletal  
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FIGURE 30. Taphofacies model developed during this study. Cross section of shelf is  

divided up into taphofacies, and divided by bonebeds/parasequence boundaries, along 

with hypothesized sea level on the right hand side. Insets show examples of each 

taphofacies. Relative impact of abrasion, articulation, and phosphatization are shown at 

bottom. 

 

elements during exhumation, storm disturbance and erosion results in the high degree of 

fragmentation that characterizes proximal depositional settings (Figure 30).  

 Articulation and association of vertebrate skeletons generally exhibit an opposite 

trend than that of abrasion and fragmentation (Figure 30). Only one example of 

associated remains is known from the Hummocky Cross-Statified Sandstone lithofacies, 

whereas many examples of disarticulated clusters of bones and partial articulated 

skeletons are recorded from the Massive Sandstone, Massive Mudrock, and Laminated 

Diatomite lithofacies (Figure 19). Articulated and associated remains are by no means 
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common, and are generally rare in all lithofacies. However, an increase in the relative 

abundance of preserved skeletons is observed in further distal, finer-grained lithofacies. 

This is probably due to two reasons. First, carcasses that sink (i.e. before bloating) in 

shallow water will refloat after decomposition progresses and produces gases that cause 

the carcass to regain positive buoyancy (Allison et al., 1991); preservation of a skeleton 

in shallow environments (i.e. Inner-Middle Shelf) will require a thick blanket of 

overlying sediment to ‘trap’ the carcass. Second, skeleton preservation above fair weather 

wave base is unlikely due to the frequency of fair-weather and storm-weather currents 

which erode and transport sediment at the seafloor (Allison et al., 1991; Soares, 2003). 

Frequent reworking and amalgamation of sediment within the Upper Shoreface results in 

disarticulation and dissociation of any skeletons that become deposited within this 

environment. Abundance of skeletons (articulated or disarticulated) increases within the 

Massive Sandstone and Massive Mudrock lithofacies (representative of Lower Shoreface 

and Transition Zone deposits), due to the decreasing frequency of storm disturbance and 

erosion. Although this is too rough to support the suggestion that degree of skeletal 

articulation may serve as a rough approximation of paleobathymetry (Allison et al., 

1991), the higher abundance of associated remains (whether articulated or disarticulated) 

does fit this trend. 

 The distribution of phosphatized vertebrate material (Figure 30) does not match a 

simple increase in offshore deposits (i.e. articulation) or decrease (e.g. fragmentation and 

abrasion). Instead, phosphatization appears to be rare in the Massive Sandstone, Massive 

Mudrock, and Laminated Diatomite lithofacies; it is primarily confined to the Massive 

Pebbly Sandstone, Massive Pebbly Mudrock, and Hummocky Cross-Stratified lithofacies 
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(Figure 17). Deposition of these three lithofacies is characterized by erosion and 

truncation of preexisting strata (see LITHOFACIES). Coincidently, due to the nature of 

phosphogenesis, the inclusion of phosphatized skeletal material requires exhumation 

from underlying strata. Thus, it appears that the record of phosphatization is controlled by 

the erosional capability of the environment of deposition. 

 Thus far this discussion of environmental trends in taphonomy has focused on 

vertebrate material preserved within non-bonebed lithofacies as opposed to the Massive 

Pebbly Sandstone and Massive Pebbly Mudrock lithofacies (the lithologic component of 

bonebeds). Most of the bonebeds in the Purisima Formation differ in the relative degree 

of various taphonomic conditions, abundance of invertebrates, abundance of phosphatic 

debris, and association with erosional surfaces (see BONEBEDS); these differences are 

likely due to changes in the duration of hiatus, the depth of erosion, the physical 

characteristics and fossil content of the eroded sediment, pore water chemistry below the 

sediment water interface, and water depth at the time of bonebed formation. While it is 

difficult to distinguish between these different possibilities, some bonebeds can be 

discussed in the context of onshore-offshore gradients based on their associated 

lithofacies. The lithofacies that bracket a bonebed above and below constrain their 

environment of deposition. For example, Bonebeds 5 and 6 are bracketed by Hummocky 

Cross-Stratified Sandstone below and Massive Sandstone above, which constrains their 

environment of deposition to the lower Shoreface or Transition zone. Likewise, Bonebed 

2 is bracketed above and below by massive diatomite, constraining its environment of 

deposition to the Offshore. Bonebed 2 differs from Bonebeds 5 and 6 in its complete lack 

of invertebrate remains, lack of phosphatic steinkerns of invertebrates, and lack of an 
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associated erosional surface. Bonebed 4 also lacks an erosional surface but contains 

abundant calcareous invertebrate skeletal elements and steinkerns, and is bracketed above 

and below by massive siltstone, suggesting an intermediate zone of formation within the 

Offshore environment but in closer proximity to storm weather wave base. Using 

Bonebeds 5 and 6 as representative of proximal bonebed formation, Bonebed 2 as distal 

bonebed formation (see LITHOFACIES), and Bonebed 4 as intermediate, it is possible to 

make some generalizations about depth-related trends in bonebed taphonomy. The 

abundance of calcareous invertebrate skeletal elements and phosphatic steinkerns 

decreases offshore, and is probably due to an offshore decrease in the abundance of 

invertebrate skeletal material in offshore sediments in the Purisima as noted by Norris 

(1986). Invertebrate remains (calcareous, or phosphatized) are only abundant in bonebeds 

that truncate shoreface deposits, where invertebrate skeletal material is more abundant 

and concentrated (Norris, 1986).  

 Surfaces appear to be preserved only in proximal bonebeds (e.g. Bonebeds 5-6), 

and the application of the skeletal concentration model of Kidwell (1985) suggests that 

distal bonebeds characterized by gradational contacts (Bonebeds 2 and 4) represent hiatal 

concentrations. Although the surrounding sediment is intensely bioturbated above, below, 

and within these distal bonebeds, it is possible (if not likely) that any erosional surface 

that may have been present has since been destroyed by bioturbation (Figure 31). 

Additionally, the abundance of phosphatic nodules and other phosphatized material (e.g. 

steinkerns, phosphatized bones) indicates that erosion has exhumed and concentrated 

phosphatic debris, although it is certainly possible that this material has been transported 

downshelf from a more proximal portion of the bonebed where submarine erosion is  
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FIGURE 31. The effects of bioturbation on bonebed geometry. A) Erosion winnows 

coarse, dense material and bioclasts onto an erosional surface. B) A return to positive 

sedimentation results in burial of a lag concentration. C) Subsequent bioturbation by 

burrowing organisms and other infauna erase the erosional surface, vertically and 

laterally shift bioclasts, and may tilt bioclasts. D) The resulting bonebed may be 

misinterpreted as a hiatal bonebed. 

 

acting. Phosphatic nodules are largest within Bonebed 4 (up to large cobble size), and 

smaller in Bonebeds 2, 5, and 6 (large pebbles and occasional small cobbles). Phosphate 

nodules grow very slowly (Burnett et al., 1982) and their size is controlled by the 

duration of the depositional hiatus which they form during (Follmi, 1996). Bonebed 4 

represents formation in the Transition zone, where sediment starvation can occur for 

prolonged periods of time and few storms introduce sediment. These rare storms, 

however, are evidently sufficient to exhume large phosphatic nodules which often form 

around clusters and parts of shell beds, and in rare cases articulated vertebrate remains 
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and entire skulls. In proximal areas of bonebed formation (e.g. Bonebeds 5-6), more 

frequent disturbance of sediment results in shorter duration hiatuses unable to produce 

large nodules. In offshore bonebeds (e.g. Bonebed 2), a similar decrease in phosphate 

nodule size is observed, but likely for opposite reasons: slow deposition affords an 

environment conducive to phosphogenesis, but storms are generally unable disturb the 

offshore seafloor (except during times of changing relative sea level). Thus, 

phosphogenesis appears to characterize the 'middle shelf' and decrease in importance 

proximally and distally (Figure 30).  

 Because discontinuities within strike-slip basins are widespread and often cut 

across facies across an entire basin (Nilsen and Sylvester, 1995), it is possible that a 

single bonebed may span nearly the entire shelf. Bonebeds may exhibit these different 

taphonomic characteristics all at once, depending upon water depth and the nature of 

preexisting sediment and associated fossil assemblage. This raises the possibility that 

various physical characteristics of a given bonebed may change laterally along a depth 

gradient, causing problems for correlation as bonebeds are often used as datum planes 

(several bonebeds in the Purisima Formation have been used as marker beds for 

paleomagnetic studies; Madrid et al., 1986).  

 The absolute abundance of vertebrate skeletal elements also changes in different 

depositional settings. While some patterns of abundance can be explained by collecting 

bias towards bonebeds (see above), the decreasing abundance of vertebrate skeletal 

elements from proximal to distal shelf environments appears to be genuine based on field 

examination. Extensive winnowing of sediments in the upper shoreface results in the 

exhumation and concentration of vertebrate skeletal elements and mollusk shells into 
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shell beds. As winnowing becomes a less frequent process in successively deeper 

depositional settings, vertebrate skeletal material becomes less abundant. These trends 

within non-bonebed lithofacies and bonebeds all appear to be strongly correlated to 

changes in the physical processes that characterize each environment, such as the 

frequency and depth of fair-weather and storm-weather disturbance, sedimentation rate, 

and hiatal duration. Altogether, the absolute abundance of vertebrate skeletal elements is 

directly related to the duration of depositional hiatuses in the rock record: bonebeds 

representing the highest concentration of vertebrate bioclasts and the longest period of 

nondeposition, offshore deposits representing the lowest concentration of vertebrate 

bioclasts and the most complete record, and storm-related deposition within the shoreface 

and transition zone resulting in intermediate concentrations of vertebrate bioclasts and an 

intermediate record of erosion and reworking. 

 

Differential Preservation 

 

 The comparative taphonomic data indicate that certain skeletal elements within a 

taxon and that that the same skeletal element within different marine vertebrate taxa are 

not preserved in an equal fashion. For example, elasmobranchs are primarily known from 

the Purisima Formation (and most coarse siliciclastic strata) from their teeth and 

occasional dermal bucklers, and while calcified cartilaginous elements (palatoquadrate 

and mandibular cartilages, vertebrae) do occur, they are rare. The mandibular and 

palatoquadrate cartilages are the only elasmobranch cranial elements, and all belong to 

the skate Raja cf. binoculata.  
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 Overall, the highest rates of abrasion occur in cetacean bones. Indeterminate 

mammal bones are typically abraded bone pebbles, and the majority of these are probably 

cetacean in origin (based on the general rarity of pinniped and sirenian elements) but are 

too incomplete to tell. On the other hand, elasmobranch elements are the least affected by 

abrasion, whereas bird, pinniped, and bony fish elements exhibit an intermediate 

frequency of abrasion. This difference is probably due to the relatively robust nature of 

shark teeth, while cetacean bones are osteoporotic. In the case of identifiable cetacean 

cranial elements, these may be abraded into bone pebbles past the point of identification, 

and smaller odontocetes can be predicted to be more susceptible to taphonomic 

destruction than large bodied odontocetes with sturdier bones. Although possibly due to 

bioerosion, the roots of shark teeth in Bonebed 1 are almost always missing and 

superficially appear to be abraded. The enameloid crowns of these teeth are pristine and 

intact; sometimes the majority of the osteodentine ‘core’ (except for a residue of 

osteodentine remnants) is missing, suggesting that this process only affected the 

osteodentine and not the enameloid. This has not been observed in any other taxa or 

localities, and represents a strong bias against the preservation of shark teeth.  

 Fragmentation shows a slightly different pattern. Fragmentation is most frequent 

in indeterminate mammal bones (83%), sirenians (62%), bony fish (63%), and mysticetes 

(45%). Skeletal elements of odontocetes, pinnipeds, and sharks all exhibit lower rates of 

fragmentation (27-33%); most intriguingly are birds, where only 22% of specimens are 

fragmented. Sirenians and bony fish have extremely dense postcranial bones 

(pachyosteosclerotic and avascular bone, respectively), and accordingly may fragment 

due to their higher brittleness; likewise, the fragmented nature of indeterminate mammal 
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bones is the reason why they are unidentifiable. A lower incidence of fragmentation for 

bird bones may be related to their lower mass and density relative to other vertebrate 

skeletal elements. Perhaps a bone with lower mass is less likely to suffer an impact with 

sufficient force to incur a fracture. 

 Too few articulated and associated skeletons are known from the Purisima 

Formation sample to be useful for this discussion. However, it is worth noting that while 

articulation and association are rare in all taxa, the only group where it is completely 

absent is the bony fishes. 

 Phosphatization affects the skeletal elements of certain taxa differently. Bony fish 

have the highest frequency of phosphatized remains (78%), while sharks, pinnipeds and 

odontocetes also share high frequencies of phosphatization (54-59%); bird, mysticete, 

and sirenian elements have lower frequencies (25-41%). This indicates a slight bias 

towards the phosphatization of fish, sharks, and small marine mammals. The 

phosphatized sample of most groups (with the exception of mysticetes) contain a large 

proportion of blackened, mineralized elements lacking nodules (Stage 2A). Trends 

regarding the occurrence of nodules are also apparent: birds, sharks, sirenians, 

indeterminate mammal bones, and mysticetes rarely exhibited adhering phosphatic 

nodules (Stage B or C), while bony fish and odontocetes exhibited a large number of 

Stage 2C specimens with large overgrowths. Pinnipeds exhibit an intermediate amount of 

nodule-bearing specimens. Differential phosphatization among these different taxa have 

numerous implications. While phosphatized elements may be more susceptible to 

fragmentation due to their increased brittleness, they are probably less sensitive to 

abrasion than 'fresh' elements. Additionally phosphatization may be a pathway of 
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increasing the preservation potential of a given element, as phosphatized bones appear 

more resistant to abrasion, and the addition of phosphatic nodules onto skeletal elements 

further decreases the likelihood of their taphonomic destruction. This is compounded by 

the preferential phosphatization of certain taxa (odontocetes and bony fish), and may 

result in a taxonomically skewed assemblage, biased towards these taxa by exaggerating 

hydraulic sorting and increasing the durability of their phosphatized remains. 

 Most taxonomic groups show little evidence of polish. However, odontocetes, 

mysticetes, and pinnipeds exhibit occasionally show element polishing (25%, 21% and 

30%, respectively), and sharks and bony fish exhibit similar frequencies of polish (24-

31%, respectively). Birds and sea cows exhibit rare polish (6-0%, respectively). With the  

exception of a few specimens, sharks and fish are preserved almost exclusively within the 

Massive Pebbly Sandstone lithofacies. Pinnipeds and birds are also rarely preserved in 

other lithofacies, while slightly more abundant in the Massive Pebble Sandstone 

lithofacies, odontocetes and mysticetes comprise a large portion of the vertebrate sample  

from each lithofacies. With regards to mammal and bird fossils, this is likely due to 

collecting bias along certain bonebeds. However, field observations show that shark and 

bony fish skeletal elements are rare outside bonebeds. This suggests that the background  

density of shark and bony fish remains within the Purisima Formation is extremely low, 

and that extensive reworking, winnowing, and sorting is required to produce beds with a 

high enough density of shark and bony fish material to allow fruitful collecting. 

 

Relationship between Polish and Phosphatization 

 

 

 The majority of polished elements (73%) also exhibit Stage 2 phosphatization,   
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FIGURE 32. Relationship of polished and phosphatized specimens. Percentage of 

polished specimens is along vertical axis, and phosphatization stage is plotted along 

horizontal axis. Note the strong correlation between polish and phosphatization. 

 

 

and a clear correlation is seen between the frequency of polish and phosphatization stage 

(Figure 32). This suggests that polish primarily occurs after prefossilization, as suggested 

by Rogers and Kidwell (2000), and that phosphatization is a common mode of 

prefossilization in the shallow marine fossil record. 

 

Implications for Marine Vertebrate Paleontology 

 

 

 In addition to taphonomically modifying and damaging vertebrate skeletal 

elements, patterns of taphonomic modification outlined above have implications for the 

study of paleoecology of marine vertebrates. The high frequency of abraded and 

fragmented vertebrate skeletal elements indicates a strong influence of physical processes 

that result in mechanical damage. Aside from the sample of bird bones, the vertebrate 

sample from this study indicates that these processes result in a preservational bias 
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against small, fragile elements such as odontocete and pinniped crania and postcranial 

bones (the majority of the bird sample was systematically collected by one individual 

from Bonebed 4, and likely represents collection bias). Any paleoecologic study 

concerning the relative abundance of marine vertebrates in shallow marine deposits 

should keep the preservational biases discussed above in mind. Possible solutions to 

counter this bias include 1) sampling only offshore deposits and 2) sampling only 

preservationally equivalent (not just hydraulic equivalence, but resistance to fracture, 

element size, and histology) elements (e.g. cetacean periotics and tympanics). However, 

even in offshore depositional settings, levels of bioerosion are elevated (Lundsten et al., 

2010) and may exert a bias against easily degraded small, high-surface area bones, or 

alternatively, against large bones (e.g. mysticetes) that take longer to bury and are 

susceptible to longer periods of exposure and bioerosion. Secondly, the problem of ‘bloat 

and float’ (discussed below) suggests that among marine vertebrates which are affected 

by post-mortem bloating (marine mammals, birds, marine reptiles), little resolution 

regarding habitat preference may be preserved due to organisms drifting out of their 

habitat (allochthonous carcasses). Because elasmobranchs typically sink after death 

(Schafer, 1972), bloat and float is unlikely to affect the distribution of elasmobranch hard 

parts within shallow marine deposits. Additionally, the majority of teeth an elasmobranch 

produces are shed during life, which are shed in whatever environment they inhabit; thus 

the majority of the elasmobranch record (where not reworked or transported) is probably 

autochthonous or parautochthonous. It is unclear if drifting will affect small marine 

mammals such as sea otters and pinniped pups, and remains of these organisms may 

reflect habitat preference or rookery proximity in the fossil record. 
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CHAPTER 10 

 

 

A TAPHOFACIES MODEL FOR MARINE VERTEBRATES 

 

 Although intense research has resulted in strong taphofacies models for marine 

environments (e.g. Speyer and Brett, 1986, 1988; Brett et al., 2009), trends in 

preservation among marine vertebrates remain poorly understood. While a few studies 

clearly stand out in attempting to address environmental gradients in preservation 

(Martill, 1985; Soares, 2003; Peters et al., 2009), the majority of studies in marine 

vertebrate taphonomy have focused on the preservation of single skeletons ("taphonomic 

case studies", i.e. Martill, 1987), the formation of single bonebeds (Walsh and Martill, 

2006; Pyenson et al., 2009), or the characterization of vertebrate preservation within a 

single depositional setting (Martill, 1993; Carpenter, 2006). Studies of terrestrial and 

freshwater taphonomy are irrelevant to discussion of marine taphonomy due to 1) lack of 

desiccation in the marine environment, 2) differing rates of decomposition, 3) different 

types of scavenging fauna, 4) higher energy in the shallow marine realm, 5) and the lack 

of analogous weathering in marine bones (Allison et al., 1991). Several of these points 

apply to studies of marine vertebrates decomposing and weathering on beaches (Schafer, 

1972; Espinoza et al., 1997; Liebig et al., 2003, 2007); bone weathering and 

decomposition rates from partially desiccated, dried, or mummified carcasses are not 

applicable to marine decomposition. Likewise, applying taphonomic data from marine 

invertebrates is suspect, and patterns of preservation of marine vertebrates are predicted 

to differ from those of invertebrates due to differences in 1) size, 2) mineralogy, 3) 
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morphology, 4) occurrence as endoskeletal rather than exoskeletal elements, 5) number 

of skeletal elements per individual, 6) diversity of element morphology per individual, 7) 

production of shed hardparts in vivo, 8) duration of life cycle (e.g. rate of hardpart 

introduction into depositional setting) and 9) overall population density (Martill, 1991).  

 The lack of large-scale taphonomic studies of marine vertebrates is in part due to 

their rarity in the rock record, relative to marine invertebrates, and their uncertain 

geologic utility. It not an unfair statement that the preservation of terrestrial vertebrates is 

far better understood than marine vertebrates. This is perhaps in part due to the difficulty 

of actualistic experiments in the marine realm: actualistic experiments of marine 

vertebrates are only feasible along shorelines (Liebig et al., 2003) and in rare cases 

extremely shallow water (Meyer, 1991). Although not expressly taphonomic in scope 

(with the single exception of Allison et al., 1991), the study of whale fall assemblages on 

the deep sea floor has produced a wealth of taphonomic data which can be gleaned from 

the literature. These studies, however, require the use of expensive submersibles and 

ROVs, and are only conducted in deep water where whale carcasses are not quickly 

buried. Indeed, some of the shallowest water whale fall studies (Dahlgren et al. 2006, 

Lundsten et al. 2010) implanted whale carcasses at 150-300 m depth, which is still 

substantially below storm weather wave base, and of little practical use towards the 

discussion of taphonomic processes which occur between nearshore and deep offshore 

environments. Actualistic studies, therefore, provide useful information about two 

environments that can be considered end-members: shallow, extremely high energy 

environments, and deep, extremely low energy environments. The fossil record of marine 

vertebrates bridges this gap, and historical data may be supplemented with modern 
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actualistic data to provide a broad picture of preservational patterns in shallow marine 

environments and develop a preliminary taphofacies model for vertebrate remains on 

siliciclastic shelves. 

 Several studies have attempted to examine the preservation of marine vertebrate 

fossils within broader contexts. The studies of Rogers and Kidwell (2000), Allulee and 

Holland (2005), and Peters et al. (2009) have examined the relationship between marine 

vertebrate taphonomy and sequence stratigraphic architecture. Although Carpenter (2006) 

focused on two members of the Late Cretaceous Pierre Shale that generally represent 

similar offshore environments, his study is still important as being the first study to apply 

the method of comparative taphonomy devised by Brett and Baird (1986) to marine 

vertebrate assemblages. One study is noteworthy (Soares, 2003) in that it conducted a 

taphofacies analysis of Triassic mesosaur remains from Brazil, examining skeletal 

assemblages from a number of depositional settings. Although not formally referred to as 

taphofacies at the time, Martill (1985, 1986) generally applied this method to characterize 

preservational trends in marine vertebrate assemblages of the Jurassic Oxford Clay. 

While concerned with a single assemblage, Irmis and Elliott (2006) utilized an actualistic 

study of shark tooth abrasion to investigate the genesis of a Pennsylvanian bonebed. Few 

studies attempt to establish a broader context for which changes in marine vertebrate 

preservation can be understood. Utilizing the data presented within this study for the 

Purisima Formation, a taphofacies model is presented to serve as a framework for 

understanding relationships between marine vertebrate taphonomy, depositional setting, 

subsidence rate, and sequence architecture (Figure 30-32). This model is described in 

terms of possible taphonomic pathways during necrology (death, decay, and 
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disarticulation), biostratinomy (dispersal, transport, burial, and exhumation), and eventual 

large-scale patterns as represented in the Purisima Formation and other published fossil 

assemblages. Data and observations from other studies of marine vertebrate taphonomy 

are used to supplement the data presented herein. 

 

Necrology 

 

 The majority of vertebrate fossils preserved in marine sediments are from marine 

organisms, and although many examples of terrestrial vertebrates have been reported 

from marine sediments (Horner, 1979; Coombs and Deméré, 1996; Everhart and Ewell, 

2006). These, however, are extremely rare and represent the exception rather than the 

rule. Only 0.3% of fossils in the Purisima Formation sample represent terrestrial 

vertebrates (N=3, land mammals). Nevertheless, these rare examples do indicate the 

possibility of terrestrial vertebrate carcasses floating out to sea, being exhumed from 

underlying strata, or transported out onto the shelf as bedload. All of these processes, 

however, operate upon marine vertebrate skeletal elements as well. 

  Carcasses of most marine vertebrate taxa (for which data are known) sink quickly 

after death (Schafer, 1972), including fish, sharks, pinnipeds, and most cetaceans. 

Exceptions are right whales (Balaenidae) and birds; the latter typically float due to the 

gas-filled skeleton. Vertebrates that initially sink are buoyed up by decay gases, and 

return to the surface; this can occur within a few days of death (Schafer, 1972). Bloated 

cetaceans have been observed to float for weeks, seals for over 48 days until sinking 

again, and seabirds for 38 days (Schafer, 1972). Stranded carcasses of walruses (Espinoza 

et al., 1997) and cetaceans (Schafer, 1972) bloat into a 'torpedo shape' for 20-30 days, 
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similar to that documented for floating carcasses. Pig carcasses in a forensic taphonomy 

experiment remained buoyant for over 50 days (Anderson and Hobischak, 2004). 

Depending upon local currents, the extreme length of time (days to weeks) that vertebrate 

carcasses can stay bloated indicates a high degree of transport ability during the bloat and 

float stage. Similarly, many publications have reported on dinosaur skeletons discovered 

in offshore marine rocks (Horner, 1979; Coombs and Deméré , 1996; Schwimmer, 1997; 

Everhart and Hamm, 2005; Everhart and Ewell, 2006), indicating very long-range 

transport potential of carcasses by this process. Human bodies have been recorded 

traveling 20 miles in only 7 hours (Ebbesmeyer and Haglund, 1994), and in one extreme 

case, drifting over 200 miles in the North Atlantic in under three days (Blanco and 

Rodriguez, 2001). Studies of numerous cases of decayed human carcasses indicate an 

unpredictable pattern of carcass dispersal in aquatic environments (Haglund, 1993). 

Confusingly, in spite of this large body of evidence, Pyenson (2010:472) states "cetacean 

carcasses are poor candidates for long distance floaters". However, Schafer (1972) 

documents cetacean carcasses bloating for 20-30 days; applying the distances achieved 

by human bodies, it is theoretically feasible for a bloated cetacean to cross a substantial 

portion of an ocean basin. In the light of actual observations and the large body size of 

cetaceans, it is not unreasonable to say that cetaceans are in fact the best candidates for 

long distance floating, contra Pyenson (2010).  

 Bloat and float thus has important implications for the distribution of vertebrate 

skeletons in marine sediments. Even a carcass that travels a distance on the conservative 

side of documented cases (several miles; Haglund, 1993; Boyle et al., 1997) has the 

potential to cross multiple environments (e.g. on a continental shelf or epeiric sea) and be 
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preserved out of its habitat. In shallow marine environments where various habitats are 

narrow bands along the shoreline, it is probable that medium-large marine mammals will 

float out of their preferred environment (e.g. carcasses of inshore organisms drifting into 

deeper water, or vice versa), and potentially across the entire continental shelf. In some 

cases, carcasses may even drift out of the geographic area the species typically inhabits 

(as is evidenced by extralimital strandings of modern marine mammals). The abundance 

of dinosaur skeletons preserved in offshore mudrocks (Horner, 1979; Coombs and 

Deméré , 1996; Schwimmer, 1997; Everhart and Hamm, 2005; Everhart and Ewell, 2006) 

indicates this phenomenon is not trivial, and can seriously affect paleoecologic and 

biogeographic interpretations. For example, the environment of deposition has been 

treated as key evidence used for the study of the evolution of early whales (archaeocetes) 

and the transition from terrestrial to marine life (e.g. Gingerich et al., 1994). Rodhocetus 

kasrani is the earliest known cetacean to occur in offshore mudrocks, suggesting it was 

one of the earliest known fully marine cetaceans (Gingerich et al., 1994). However, it 

could just as easily have floated there from nearshore (or even fluvial) environments. 

 Decay of marine mammal carcasses continues during bloating, and as connective 

tissues decay the skeleton disarticulates within the inflated integument; upon rupture, the 

bones are shed one by one "as if from a drifting sack" (Schafer, 1972:20). Enough data 

exist to state that the sequence in which skeletons disarticulate varies from taxon to 

taxon, although some common themes occur. Cetaceans tend to lose the skull and lower 

jaws and hyoid bones early on, followed by the skull, and eventually the postcrania after 

the body cavity is ruptured (Schafer, 1972). More detailed observations are available for 

pinnipeds. Bloating is soon followed by skeletonization of the face and flippers; the lower 
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jaws are lost first, and followed by loss of distal flipper elements, many of which are still 

held together by connective tissue. The skull is eventually lost and shortly thereafter the 

carcass is ruptured, and the remainder of the bones are lost (Schafer, 1972). In some 

cases, the entire rostrum of pinniped skulls may be lost even before the jaws are lost, due 

to the weak articulations of the intraorbital region of the skull (including several 

observations of carcasses of California sea lions, Zalophus californianus, and harbor 

seals, Phoca vitulina; Boessenecker, personal observation). Bird disarticulation appears 

begin with the loss of the legs and the sternum (Schafer, 1972), or alternatively, the skull 

and cervical vertebrae, followed by the pectoral girdle, and femora (Davis and Briggs, 

1998). The disarticulation sequence for human carcasses in aquatic settings is well 

established, and begins at areas where the integument is thinnest (such as the mouth, 

head, hands, and knees) and disarticulation begins with the cranium, jaw, and hands, and 

progresses with the loss of the lower legs and forearms, followed by the upper arm, and 

eventually the femora and joints of the thoracic skeleton (Haglund, 1993). In general, 

most observations suggest that mammal carcasses first lose the jaws and crania after the 

quickly decaying face skeletonizes, and skeletonization of the distal limbs results in 

disarticulation of distal appendicular elements (Schafer, 1972; Haglund, 1993). Walruses, 

on the other hand, differ from other pinnipeds and cetaceans by the retention of the 

cranium and jaws, due to the extremely thick neck which retards cranial skeletonization 

and loss (Espinoza et al., 1997). Clearly, the disarticulation sequence of a certain 

vertebrate is heavily dependent upon its anatomy. 

 Isolated bones, and clusters of associated or articulated bones preserved in 

mudrocks may be interpreted to have been shed from drifting carcasses (sedimentologic  
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FIGURE 33. Flowchart of possible taphonomic pathways. Boxes indicates possible 

modes of 'final burial'. 

 

 

processes cannot be ruled out for most skeletal elements occurring in sandstones)(Figure 

33). Eventually, the distended carcass ruptures, and the remaining skeletal elements may 

be preserved together upon arrival at the seafloor in various states of articulation. In some 

cases of seals and birds, however, the integument and feathers keep the remains of the 

carcass buoyant even after rupture (up to 10 days before sinking; Schafer, 1972), and 

forensic taphonomy experiments documented that gas trapped in the intestines kept pig 

carcasses buoyant even after carcass rupture (Anderson and Hobischak, 2004), 

indicating that the 20-30 days bloating interval is strictly a minimum for some marine 

vertebrates. Shark scavenging on floating mysticete carcasses does not appear to 
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compromise the carcass buoyancy at all (Smith, 2006). Decomposition is much slower 

under anoxic conditions (Allison et al., 1991) 

 Carcasses that sink will refloat (Figure 33) after several days (5 days for a harbor 

seal carcass; Schafer, 1972), and may not bloat and refloat if it sinks to depths with 

sufficient pressure to retard decomposition (Allison et al., 1991). Carcasses that sink into 

soft or soupy sediment (i.e. diatomaceous ooze) may sink down partially or completely, 

in a manner of self-burial (Martill, 1993). Carcasses in contact with the seafloor undergo 

much faster rates of skeletonization than floating (or neutrally buoyant) carcasses 

(Anderson and Hobischak, 2004), presumably due to the access permitted to scavenging 

echinoderms and crustaceans. Skeletonization of carcasses is generally more rapid on the 

sea floor than in terrestrial environments (Boyle et al., 1997; Sorg et al., 1997; Anderson 

and Hobischak, 2004; Dumser et al., 2008; see Davis and Goff, 1999, for an exception), 

appears to be rapid in most water depths and environments, and the rate of 

skeletonization is (predictably) affected strongly by body size. For example, gastropod 

scavenging reduced small fish carcasses to defleshed skeletons in only 8-24 hours, and 

the remaining skeletal elements were scattered and dissociated by the next tide (Long and 

Langer, 1995). Experiments with small cetacean carcasses (<3 meters body length) 

resulted in complete skeletonization within 15 days, which were comparable with 

skeletonization rates of similarly sized fish (Jones et al., 1998). Slightly smaller pig 

carcasses have been skeletonized in the intertidal zone within 10 days (Davis and Goff, 

1999).  

 Whale-fall experiments with implanted large mysticete carcasses indicate 

complete skeletonization can occur as rapidly as 2-3 months, to a little over a year (Smith 
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and Baco, 2003; Dahlgren et al., 2006; Smith, 2006; Fujiwara et al., 2007; Lundsten et 

al., 2010). These rates contrast with the actualistic data of Schafer (1972), where floating 

carcasses skeletonized much more slowly; floating carcasses may decompose at a slower 

rate to their inaccessibility towards scavenging invertebrates, as previously proposed 

(Anderson and Hobischak, 2004). 

 Lastly, extreme forms of carcass utilization have been documented in whale fall 

experiments. Recently discovered bone-eating worms of the genus Osedax (Rouse et al., 

2004) colonize bones, and exhibit “roots” that grow into the bone, dissolving and 

digesting the bone matrix (Higgs et al., 2010). Extreme degradation and bioerosion of the 

outer surface of mysticete bones has been documented (Allison et al., 1991) and recently 

Lundsten et al. (2010) have documented the complete bioerosive elimination of large 

mysticete skeletons in under 10 years. 

 

Biostratinomy 

 

 Once skeletonized, the disarticulated skeletal elements of a carcass are freely 

subjected to physical sediment transport processes as bioclasts (Figure 33). Bone surfaces 

may be colonized by episkeletozoans as soon as elements are skeletonized. Fossil and 

modern vertebrate skeletons (in marine sediments and environments) have been found 

with encrusting bivalves (Martill, 1985; 1987; 1991; Coombs and Deméré, 1996; Emslie 

et al., 1996; Grande and Benton, 1996), barnacles (Emslie et al., 1996; Sorg et al., 1997; 

Dennison et al., 2004; Boessenecker, 2010), and serpulid worm tubes (Grande and 

Benton 1996). Encrusting invertebrates are generally extremely rare (0% in the Purisima 

Formation sample), and when encountered, should be analyzed in detail due to their 
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potential for 'microtaphonomy' (Boessenecker, 2010). It is important to note that many 

episkeletozoans can easily separate from their substrate, and many do not leave 

noticeable traces in the bone. Otherwise, calcium carbonate episkeletozoan shells may be 

easily dissolved during diagenesis, leaving no trace of the encruster. 

 Recent studies of whale falls indicate that the frequency of disturbance of a 

carcass by currents and sedimentation is the lowest in deep continental slope settings, and 

highest in the (relatively) shallower outer shelf (Lundsten et al., 2010). Studies on a 

shoreline-adjacent graveyard that was naturally exhumed by storms indicate strong 

sorting and relatively rapid and complete disarticulation and scattering of skeletal 

elements (Spennemann, 1992). Only 9% of the expected total skeletal elements (130 out 

of 1480, MNI=8) were recovered, and strongly correlate with element size and mass. 

Skulls, jaws, and large limb bones were recovered most often (100-50%), while small 

elements (manus and pes elements, vertebrae) were rarely encountered (10-0%). A 

similar study by Stojanowski (2002) corroborates these observations. These studies 

indicate a strong propensity for skeletal elements to be hydrodynamically sorted, 

dissociated, transported in high energy, nearshore environments, and high transportability 

of small elements (Spennemann, 1992). These observations likely apply to skeletal 

elements above fair weather wave base. Beach surveys of modern marine mammal 

skeletons by Liebig et al. (2003) and Liebig et al. (2007) indicate similar effects. Liebig 

et al. (2003) found that skulls and crania were better represented, while small elements 

were poorly represented. A subsequent study by Liebig et al. (2007) studied a known 

mass mortality skeletal assemblage of large odontocetes. Due to the high degree of 

disarticulation, scattering of elements, and selective destruction and sorting of skeletal 
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elements, the assemblage was not identifiable as a mass mortality assemblage based on 

taphonomic evidence alone. 

 Few studies (actualistic or historical) have been conducted on abrasion in shallow 

marine environments. Another coastal survey of bones found that over 50% of the bones 

were highly abraded (Stage 2 of this study, Stage 2-3 of Fiorillo, 1988), and that all bones 

exhibited at least Stage 1 abrasion (Laudet and Antoine, 2005).  

 

The Purisima Formation and other Marine Vertebrate Assemblages 

 

 Several patterns in preservation are evident from the taphonomy of Purisima 

Formation vertebrate assemblages. During periods of normal (i.e. non-bonebed) 

sedimentation, abrasion and fragmentation are highest in high-energy depositional 

settings with frequent sediment winnowing and reworking above fair weather wave base, 

and decreases in the frequency of abrasion and fragmentation in fossil assemblages from 

successively deeper water, lower energy settings. This trend is correlated with the 

physical sediment transport processes that characterize shallow marine environments, and 

this same trend characterizes shallow marine invertebrate (Speyer and Brett, 1988) and 

marine vertebrate (Martill, 1985; Soares, 2003) assemblages. The rarity of vertebrate 

skeletal elements in the uppermost shoreface and nearshore deposits within the Purisima 

Formation is mirrored by other similar deposits. For example, vertebrate remains from 

the marine Pliocene of Florida (Emslie et al., 1996) are extremely rare, except where 

introduced in large quantities (e.g. mass mortality). A Pliocene mass mortality of 

cormorants resulted in a portion of nearshore shell beds in the Pinecrest Sands with a 

high density of cormorant skeletons and bones; the majority of recovered elements were 
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isolated, fragmented, and abraded (Emslie et al., 1996). This capacity for high rates of 

mechanical damage to vertebrate skeletal elements is likely due to oscillatory currents, 

which can theoretically abrade elements in one location with zero net transport. 

Furthermore, rare rocky shore environments present an even higher-energy setting that is 

more hostile to vertebrate skeletal elements. In a review of rocky shore deposits 

worldwide, Johnson et al. (2006) found that vertebrate fossils have only been reported 

from 5% of these localities, and that all of these fossils are isolated and abraded, and 

often fragmented. On the other end of the spectrum, it is possible for vertebrate skeletal 

elements to be concentrated near the shelf-slope break and subsequently remobilize those 

elements by turbidity currents, demonstrated for marine vertebrate remains in Triassic 

slope turbidites in Alaska (Adams, 2009). 

 Although articulated and associated skeletons can appear in any shelf deposits, 

vertebrate fossils typically occur as skeletons in higher frequencies in successively lower 

energy, deeper depositional settings within the Purisima Formation. This is again related 

to a decrease in physical energy; higher energy settings are characterized by increasing 

storm and fair-weather current strength, depth, and frequency, and thus increase chances 

of disarticulation and dissociation of skeletal elements or exhumation and subsequent 

dissociation of a buried skeleton. Furthermore, in shallow shelf environments a carcass 

that initially sinks will refloat due to the buildup of decomposition gases (Schafer, 1972) 

Soares, 2003). While Allison et al. (1991) predicted that degree of skeletal articulation 

may roughly correlate with depth, data from the Purisima Formation and the marine 

vertebrate literature indicate that skeletal completeness and the degree of articulation vary 

Soares, 2003). While Allison et al. (1991) predicted that degree of skeletal articulation  
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TABLE 5. Number of occurring biogenic bone modifications on marine vertebrate 

skeletal elements in the Purisima Formation assemblage. 

 

may roughly correlate with depth, data from the Purisima Formation and the marine 

vertebrate literature indicate that skeletal completeness and the degree of articulation vary 

even in offshore deposits (Martill, 1985; Martill, 1987; Efimov, 2001). Additionally, 

isolated elements occur within many offshore deposits in the Purisima Formation and 

other offshore strata (Martill, 1985, 1991; Hogler, 1992), representing elements shed 

from drifting carcasses. Indeed, the seemingly random distribution of isolated bones and 

associated, partially articulated, and completely articulated skeletons within offshore  

deposits indicates that this variation is not due to water depth but simply due to the state 

of decomposition of the carcass immediately prior to sinking. Disarticulated skeletons, 

may represent scavenging after the carcass arrived on the seafloor, or a (formerly) 

floating carcass after rupture containing a disarticulated partial skeleton within (Schafer, 

1972)(Figure 33).  

 Tangential to the discussion of articulation is the issue of 'bloat and float'. The 

fossil record exhibits many examples of obvious cases of 'bloat and float', including 

skeletons or isolated bones of terrestrial tetrapods preserved in marine sediments (Horner, 

1979; Schwimmer, 1997; Everhart and Hamm, 2005; Everhart and Ewell, 2006). 

Although bloating is not restricted to terrestrial organisms, it is much more difficult to 

Biogenic Bone/Tooth Modifications Pinnipedia Odontoceti Mysticeti Sirenia 

Linear tooth marks 2 4 1 0 

Circular tooth punctures 2 0 0 0 

Excavated cavity or gallery 1 1 0 1 

Circular bioerosion pits 0 1 1 0 

Bioerosion tunnels 1 0 0 0 

Surface pitting 1 1 0 0 
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identify in marine vertebrates because their remains are not as obviously allochthonous as 

those of land mammals or dinosaurs preserved in marine strata. Completely articulated 

skeletons can be ruled out as possible cases of bloating, and it is impossible to tell for the 

majority of bones which mantle surfaces in the rock record (and were thus affected by 

sediment transport processes which removed the skeletal elements from their initial 

depositional context; this constitutes the sheer majority of vertebrate material from the 

Purisima Formation). Perhaps in cases where marine vertebrate remains occur as isolated 

bones in offshore mudrocks, or as disarticulated clusters of bones (e.g. depositional 

settings that lack currents to disarticulate or transport elements), bloating may be 

indicated (Figure 33). Two mysticete skeletons within the Purisima Formation that are 

preserved within the Massive Sandstone lithofacies exhibit characteristics that qualify as 

evidence for bloating. These two mysticete skeletons, both preserved in Bonebed 4, are 

lacking crania and forelimbs. One specimen retains all cervical vertebrae including the 

atlas, while the other is lacking the atlas, axis and most of its ribs. Crania and jaws are 

some of the first elements dropped from drifting cetacean carcasses (Schafer, 1972), and 

the loose connection of the scapula (only by musculature) probably allowed the complete 

loss of the forelimbs as well. Other occurrences of clusters of associated bones within 

Taphofacies 2 are likely partial carcasses which sank after rupturing.  

 Phosphatization is an early diagenetic process that happens during periods of low 

or zero net sedimentation (Follmi, 1996), and results in the formation and growth of 

phosphatic nodules around a nucleus beneath the sediment-water interface, or the 

formation of phosphatic rinds and hardgrounds (Follmi, 1996). Phosphatization can also 

mineralize vertebrate skeletal elements (including calcified cartilage) to a black color 
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(Figure 14C, G). Formation of phosphate nodules only occurs in subsurface conditions 

(Follmi, 1996), and the occurrence of phosphatized vertebrate material, nodules, 

steinkerns, or shells with adhering phosphatic matrix indicate exhumation of bioclastic 

material from preexisting sediments. Phosphatic nodules within the Purisima Formation 

exhibit a biogenic phosphate-rich nucleus, such as vertebrate remains, crustacean 

remains, and fecal pellets, as in other phosphate rich assemblages (Allison, 1988). 

  No examples of episkeletozoans encrusting marine vertebrate elements were 

observed in the Purisima Formation sample. Only a small number of specimens exhibit 

biogenic bone modifications (Table 5), such as tooth marks (N=9) or bioerosion (N=6). 

Two of the tooth marks are circular puncture marks in juvenile fur seal bones reported by 

Boessenecker and Perry (2011) as mammalian tooth marks; the other seven marine 

mammal specimens exhibit linear gouges consistent with shark tooth bite marks (Deméré  

and Cerutti, 1982). Three of the bioeroded specimens exhibit eroded galleries that have 

preferentially eroded the cancellous bone, while the cortical surface is relatively well 

preserved. Similar bone modifications have been reported on modern human bones 

trawled off the continental shelf off the coast of Maine (Sorg et al., 1997), which they 

attributed to osteophagous gastropods. Similar erosion of the cancellous bone was 

reported by Everhart (2004) in plesiosaur bones recovered as gut contents within the 

thoracic cavity of a giant mosasaur, although the outer cortex was also bioeroded due to 

partial digestion. A single walrus tooth exhibits macroscopic bioerosion tunnels in its 

root, and are much larger than those reported in medieval human teeth by Bell and 

Elkerton (2007). All in all, these data indicate that bioeroded, encrusted, and tooth- 
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TABLE 6. Comparative table of macroscopic biogenic bone modifications previously 

reported in the literature for marine vertebrates. Modified from Table 1 of Boessenecker 

and Perry (2011). 

 

Morphology Substrate Inferred 

Behavior 

Tracemaker Reference 

Deep smooth-

walled 

excavations 

with cylindrical 

or flask-shaped 

cross section 

Rock, bone, 

wood 

Boring Bivalves, 

Arthropods 

Boreske et al. 

(1972) 

 

Shallow linear 

gouges and fine 

subparallel 

wavy gouges 

Bone, 

echinoderm 

tests, fecal 

matter 

Tooth scrapes 

from feeding 

Sharks Deméré and 

Cerutti (1982), 

Godfrey and 

Smith (2010) 

Deep parallel 

straight gouges 

Bone Tooth scrapes 

from feeding 

Skates 

(Rajidae) 

van Netten and 

Reumer (2009) 

Circular holes 

with peripheral 

fracturing 

Bone, 

ammonite 

shells 

Feeding 

punctures from 

conical teeth 

Marine 

mammals, 

mosasaurs, 

plesiosaurs 

Thulborn and 

Turner (1993), 

Tsujita et al. 

(2001), 

Harington et al. 

(2004), Uhen 

(2004), 

Everhart 

(2008), 

Boessenecker 

and Perry 

(2011) 

Deep and wide 

gouges with 

peripheral 

fracturing 

Bone Feeding scrapes 

from conical 

teeth 

Mosasaurs Everhart (2008) 

Shallow 

circular-

polygonal ring 

shaped 

depressions 

Rock, 

invertebrate 

shells, bone 

Attachment 

scars 

Barnacles, 

limpets 

Miller and  

Brown (1979), 

Kase et al. 

(1998), 

Boessenecker 

(2010) 
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TABLE 6 continued. 

Large  

excavated 

galleries under 

thin surfaces of 

cortical bone 

Bone Bone 

bioerosion 

Osedax worms Higgs et al. 

(2010), Kiel et 

al. (2010), Kiel 

et al. (2011) 

Erosion and 

pitting of 

external bone 

surface 

Bone, teeth Partial 

digestion 

Sharks, marine 

reptiles 

Everhart 

(2004), 

Everhart and 

Ewell (2006) 

Large pits and 

galleries eroded 

into bone 

surface 

Bone Bioerosion Gastropods, 

echinoids 

Sorg et al. 

(1997), Barnes 

and Hiller 

(2010) 

Isolated, 

circular holes 

<1mm in 

diameter 

Bone Bioerosion Sponges 

(Ichnogenus 

Entobia) 

Cione et al. 

(2010) 

Dense 

concentrations 

of short, 

parallel, cross-

cutting, or 

radiating 

grooves 

Bone Bioerosion Echinoids 

(Ichnogenus 

Gnathichnus) 

Cione et al. 

(2010) 

 

marked vertebrate skeletal elements are relatively rare in the fossil record (bones with 

biogenic bone modifications comprise only 2% of the Purisima Formation vertebrate 

sample). A wide range of biogenic bone modifications have been reported for marine 

vertebrate remains in the literature, and an updated version of the table of biogenic bone 

modifications recently published by Boessenecker and Perry (2011: Table 1) is presented 

in Table 6. Unfortunately, Boessenecker and Perry (2011) neglected to cite two important 

references which would have greatly bolstered their argument. First, Uhen (2004) 

reported on a series of large circular tooth punctures on crania of the archaeocete whale 

Dorudon atrox, which could have conceivably been produced by a larger archaeocete like  
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Basilosaurus (which occurs in the same assemblage). Second, Rutty (2007) reported the 

forensic pathological findings of a fatal leopard seal attack on a human in Antarctica. 

This attack resulted in many soft-tissue lacerations, but also included a pair of circular 

tooth-punctures (Rutty, 2007: Figure4) on the skull with depressed peripheral fractures 

identical to that reported on fossil fur seal bones by Boessenecker and Perry 

(2011)(Figure 27D-E). 

 

Comments on Taphonomic Studies of Whales in the Pisco Formation, Peru 

 

 Several recent studies have been concerned with the preservation of fossil 

mysticetes within the Miocene-Pliocene Pisco Formation in Peru (Esperante et al., 2002; 

Brand et al., 2004; Esperante et al., 2008). These studies recorded a large number 

(N=346) of well-preserved mysticete skeletons preserved throughout an 80 m thick 

succession of diatomite, siltstone, and sandstone (Brand et al., 2004). In addition, Brand 

et al. (2004) and Esperante et al. (2008) reported specimens with preserved baleen and 

partially mineralized intervertebral discs. These studies (Esperante et al., 2002; Brand et 

al., 2004; Esperante et al., 2008) attributed this exceptional preservation and lack of 

disarticulation, encrustation, bioturbation, and bioerosion to a rapid sedimentation rate in 

the Pisco Basin, which must have buried the carcass in a matter of weeks to months 

(Brand et al., 2004; Esperante et al., 2008). The lack of encrusting and bioeroding 

organisms, such as those which characterize modern whale falls, indicated to Esperante et 

al. (2002) that "Pisco Formation whales underwent... different processes than modern 

whale carcasses." Little data exists on non-whale fall carcasses on shelves (Smith, 2006), 

and as is exemplified by the Purisima Formation sample, evidence of encrusters and 
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bioeroders appear to be extremely rare in the fossil record in general. There is no reason 

to assume that whale fall taphonomy is representative of shelf whale assemblages, as 

little actualistic data exists.  

 Three studies (Esperante et al., 2002; Brand et al., 2004; Esperante et al., 2008) 

have asserted that the excellent preservation of these mysticete skeletons required rapid 

burial of the carcass, within a matter of weeks to months. This is possible, although only 

one of these (Brand et al., 2004) acknowledged the possible role of carcasses sinking into 

soupy sediment (although this did not alter their burial rate estimate), an idea proposed by 

Martill (1993). Fossil ichthyosaurs from Holzmaden (the Jurassic Posidonia Shale in 

Germany) exhibit abundant evidence for sinking meters into soupy substrates, including 

vertically preserved ichthyosaur skeletons that 'nose-dived' into the sediment (Martill, 

1993). Diatomite is the primary lithology in which the Pisco Formation mysticetes are 

preserved in (Brand et al., 2004), which on the seafloor is known as "siliceous ooze" prior 

to burial and lithification and would undoubtedly allow a mysticete carcass to sink into 

the sediment upon arrival at the seafloor. It is entirely possible then that the rapid burial 

proposed by all three studies (Esperante et al., 2002; Brand et al., 2004; Esperante et al., 

2008) could be strongly exaggerated due to carcasses sinking down into confining 

sediment. 

 It is worth noting that in the young-earth creationist literature, these authors have 

extrapolated the burial rates generated by Brand et al. (2004) to the entire Pisco 

Formation (Esperante, 2008), indicating that the formation could have been deposited in a 

fraction of the demonstrated duration of the Pisco Basin (~10 Ma) in an attempt to 

undermine radiometric dating and the empirically demonstrated old age of the Earth. In 
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order to demonstrate this rapid burial rate, Brand et al. (2004) and Esperante et al. (2002) 

ignored the well known work of Martill (1993) and the possibility of carcasses sinking 

into soupy sediment, possibly because it renders a rapid burial rate irrelevant. Esperante 

et al. (2009) examined the preservation of a bioeroded and disarticulated mysticete whale 

skeleton in the Pliocene of Spain, and concluded it must have been deposited under 

conditions of low net sedimentation. They make the argument that due to the intensity of 

Osedax bioerosion in modern whale falls, whale skeletons are probably impossible to 

preserve with low sedimentation rates, and claim that modern whale skeletons are 

completely degraded within a matter months to years (Esperante et al., 2009:500). 

However, the fastest rates of skeletal degradation are a period of 5-10 years (Lundsten et 

al., 2010), and another prominent article (cited in Esperante et al., 2008, 2009) reported 

on a whale skeleton that had remained exposed (largely intact, and articulated) on the 

seafloor for a period of 35 years (Allison et al., 1991). A similar claim was posited by 

Esperante et al. (2008) that preservation of whale “bones is unlikely under typical modern 

conditions of low rates of sedimentation and abundant scavenger activity”. However, 

whale fall assemblages are rare on continental shelves, and in shelf environments, storm 

disturbance is frequent enough to bury and transport mysticete remains and otherwise 

inhibit fragile episkeletozoans like Osedax from colonizing (Smith, 2006). Few shallow 

water whale fall experiments exist (Dahlgren et al., 2006), and the limited data suggests 

that Osedax colonization is much less widespread in shallow water. These claims by 

Esperante et al. (2008, 2009) are exaggerations (e.g. skeletons being degraded in a matter 

of months) or selective citations of end-member examples. This is in order to support the 

contention that rapid burial is the primary means to preserve a complete mysticete 
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skeleton (Esperante et al., 2008), and as summarized above, is utilized in the young-earth 

creationist literature (Esperante, 2008) to undermine radiometric dating of the Pisco 

Formation and the old age of the Earth. This selective citation of certain works, omission 

of studies that make rapid diatomite deposition rates irrelevant (e.g. Martill, 1993), and 

failure to consider multiple hypotheses in order to project a young-earth agenda into the 

peer-reviewed literature casts doubt on their interpretations, raises the possibility of 

selective presentation of data, and indicates that much of their work (Esperante et al., 

2002; Brand et al., 2004; Esperante et al., 2008, 2009) should be critically reassessed. 

 

Sequence Stratigraphic Considerations 

 

 Several taphonomic trends are apparent when considered in the context of the 

sequence architecture of the Purisima Formation outlined above (see DEPOSITIONAL 

HISTORY). The irregular lower contact of the Purisima Formation, identified as a 

sequence boundary, is mantled by clasts of the Santa Cruz Mudstone and abundant 

vertebrate skeletal remains (Bonebed 1); these skeletal elements were likely deposited 

during the sedimentary hiatus and eroded from the underlying formation. Bonebed 2 may 

represent a marine flooding surface (MFS) or a transgressive surface of erosion, and all 

the other bonebeds (Bonebeds 3-6, and possibly unstudied bonebeds) in the Purisima 

Formation appear at MFS discontinuities. The Maximum Marine Flooding Surface 

(MFFS) does not appear to be represented by a skeletal concentration. Thus it appears 

that within the Purisima Formation, discontinuity surfaces with the largest offset in facies 

and highest magnitude record of nondeposition are systematically associated with 

laterally extensive marine vertebrate skeletal concentrations. This is in marked contrast to 
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the relationship between discontinuity surfaces and skeletal concentrations in the late 

Cretaceous shallow marine record of Montana (Rogers and Kidwell, 2000), where 

skeletal concentrations are patchy and developed only where underlying strata are 

fossiliferous. This led Rogers and Kidwell (2000) to suggest that erosion and exhumation 

of bioclasts is the primary control on the genesis of skeletal concentrations in the marine 

realm. In the case of the Purisima Formation, all MFS exhibit bonebeds at their base, and 

the sequence boundary (Bonebed 1) also exhibits densely fossiliferous bonebeds. Two 

possibilities may explain this difference between the Purisima Formation and late 

Cretaceous marine strata in Montana. First, although many Purisima Formation bonebeds 

exhibit direct (preserved surfaces) or indirect (exhumed phosphatic intraclasts) evidence 

of erosion, perhaps a large component of the vertebrate concentrations is hiatal rather 

than erosional in origin. Second, the Purisima Formation was deposited in a basin with a 

moderate subsidence rate (Kidwell, 1993), while most foreland basins (including the 

Western Interior foreland basin) are characterized by high subsidence rates (Jordan, 

1995). Basins with lower subsidence rates exhibit relatively more widespread 

discontinuities that are also more time-rich (Kidwell, 1993), and in strike-slip basins, 

discontinuities tend to truncate underlying facies across (or nearly across) the entire basin 

(Nilsen and Sylvester, 1995). 

 Additional trends are evident between the aforementioned discontinuities. Within 

parasequences of the HST, the overall abundance of vertebrate skeletal elements, 

thickness of shell beds, frequency of abrasion, and frequency of fragmentation increases 

up section. This is related to the shallowing upward nature of HST parasequences. The 

best example is reflected in the parasequence preserved between Bonebed 5 and 6; the 
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massive sandstone and mudrock in the lower part exhibit rare, isolated (and occasional 

associated or articulated) bones and skulls that generally lack abrasion or fragmentation, 

while the upper hummocky cross-stratified sandstone towards the top yields isolated 

fragmented, abraded bones that occur within shell beds. The two parasequences within 

the TST exhibit the opposite trend (abrasion, fragmentation decreasing upsection and 

articulation increasing upsection), and this is related to a deepening upward trend within 

the TST.  

 Altogether, a taphonomic cross section of the Purisima Formation results in a 

picture that is similar overall to the sequence stratigraphic model (Van Wagoner et al., 

1990); laterally extensive bonebeds (Bonebed taphofacies) mark most of the major 

discontinuities within the Purisima Formation (Figure 30). The discontinuity-bounded 

packages of rock exhibit Taphofacies 1-3, which laterally interfinger with one another 

from proximal to distal (respectively). Furthermore, discontinuities within the HST 

typically reflect a change from proximal to distal taphofacies (most often Taphofacies 1 

below and Taphofacies 2 above; Figure 30). This is reversed within the TST. 

 Lastly, it is important to note that this overall pattern can be viewed as an example 

of sequence architecture exerting a control on marine vertebrate preservation. A recently 

published study of marine vertebrate taphonomy in the Eocene of Egypt (Peters et al., 

2009) also found a strong correlation between vertebrate preservation and sequence 

stratigraphic architecture (contra Rogers and Kidwell, 2000). While it is tempting to 

identify this relationship as sequence architecture controlling vertebrate preservation 

(sensu Peters et al., 2009), it is important to remember that the preservation of marine 
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vertebrates is controlled by physical processes in shallow marine environments that also 

control sequence architecture. 
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CHAPTER 11 

 

 

CONCLUSIONS 

 

1. Lithofacies analysis of the Santa Cruz section of the Purisima Formation indicates the 

presence of five lithofacies, which interfinger and represent shoreface, transition zone, 

and offshore deposition. Application of sequence stratigraphic methods identifies the 

lower contact of the Purisima Formation as a type 2 sequence boundary, overlain by a 

thin transgressive systems tract, while the rest of the overlying portion of the Santa Cruz 

section represents stacked prograding parasequences of the highstand systems tract. 

 

2. A number of laterally extensive bonebeds occur in the Purisima Formation, and all of 

them correspond to major discontinuity surfaces. The lower two bonebeds represent a 

type 2 sequence boundary and a transgressive surface of erosion, while the rest of the 

bonebeds represent marine flooding surfaces. The maximum marine flooding surface 

exhibits no vertebrate skeletal concentration. Many bonebeds which lack an erosional 

surface still exhibit indirect evidence of erosion, indicating that pervasive bioturbation 

has erased the erosional surface; this has implications for discerning between hiatal and 

lag concentrations in the rock record. Vertebrate skeletal elements from bonebeds 

consistently exhibit the most taphonomic modification of all lithofacies. 

 

3. Vertebrate skeletal material from non-bonebed lithofacies display a clear pattern of 

onshore-offshore gradients in preservation. Abrasion of elements is highest in shoreface 
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depositional settings, and it gradually decreases in frequency towards the offshore. 

Fragmentation follows a similar trend. While articulated or associated skeletons can 

occur in nearly any depositional settings, their abundance (relative to isolated elements) 

steadily increases in offshore environments. Phosphatized vertebrate material is most 

abundant within the lower shoreface and transition zone, and decreases in abundance 

both proximally (upper shoreface) and distally (offshore), suggesting the transition zone 

harbors the right set of conditions: sufficient sediment starvation, while still allowing 

large scale storms to erode the seafloor. The majority of polished elements are 

phosphatized, demonstrating a clear link between polish and 'prefossilization'. The 

abundance of vertebrate skeletal elements decreases distally. 

 

4. Four taphofacies were recognized within the Purisima Formation. Taphofacies 1, 2, 

and 3 are defined by varying proportions of abrasion, fragmentation, articulation, and 

phosphatization, and document a continuum of preservational trends. These trends are 

related to sediment transport processes and sedimentary budget. The Bonebed taphofacies 

truncates other taphofacies, and within the highstand systems tract, generally divides 

poorer-preservation typical of upshelf, (relatively) higher energy settings in underlying 

strata and better preservation, typical of downshelf (relatively) lower energy settings in 

overlying strata. This can be viewed as a taphonomic expression of transgression. Within 

the transgressive systems tract, the opposite pattern occurs. This taphofacies model 

allows marine vertebrate fossils to be firmly placed within a holistic taphonomic 

framework for the first time. 
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